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" 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

Caminante, son tus huellas
el camino y nada mas;
Caminante, no hay camino,
se hace camino al andar.

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

se ve la senda que nunca
se ha de volver a pisar.
Caminante no hay camino
sino estelas en la mar?

Antonio Machado
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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-
B (AB) 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 AR 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 Ap.

In the first two studies of this thesis, our focus was set on the early detection
of AB 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 A PET
scans is sensitive to detect and grade early AB deposition in the brain.

In the third study, AR PET images were used to investigate whether risk
factors for Alzheimer's dementia promoted the deposition of insoluble,
fibrillar aggregates of AP in the brain for similar levels of AR in the
cerebrospinal fluid (CSF), reflecting the production/clearance rate of
soluble AR species. We found that that the main unmodifiable risk factors
for Alzheimer's dementia -older age, female sex, and APOE-¢4 allele
carriership- increased deposited fibrillar A for similar levels of soluble AR
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-¢4 allele facilitated the spread of AB in the entorhinal
area, which has been described as an area vulnerable to tau deposition.
This result suggests that APOE-¢4 allele-related mechanisms might
accelerate the propagation of AR 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 AB-downstream effects in the
earliest stages of the Alzheimer's continuum. To this aim, we analysed core
and novel AD CSF biomarkers. These included: APR42/40 and
phosphorylated tau (p-tau) as markers of AB 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 a-synuclein as marker of a-synuclein pathology. We observed that,
although studying participants with low AR load, many pathophysiological
pathways, such as inflammation, were already altered. Of note, our results
suggest a direct link between AP deposition in the brain and
neurodegeneration that is independent of tau pathology. Further, we
described their direct and/or indirect associations with AB 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 deméncia en tot el mén.
Aquesta malaltia perd, comencga décades abans de l'aparicié de qualsevol
simptoma clinic amb l'acumulacié en el cervell de l'agregat de dues
proteines: l'amiloide-B (AB) i la tau. En els ultims anys, l'aparicid de
biomarcadors in vivo capagos de monitoritzar aquests, entre d'altres,
canvis biologics ha estimulat l'interés cap a etapes més inicials de la
malaltia. Amb aquests conceptes en ment, |'objectiu general d'aquesta
tesis era el d'investigar I'acumulacié d'ApB 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 Families), els quals es caracteritzen per ser
cognitivament sans, ser de mitjana edat avangada i per estar
prioritariament seleccionats per tenir factors de risc per I'Alzheimer.
Incrementant, d'aquesta manera, la possibilitat d'incorporar participants
amb carrega baixa o intermitja d'AB.

En els primers dos estudis d'aquesta tesis, el nostre focus era la deteccid
preco¢ de l'acumulacié d'Af utilitzant imatges PET. Primer utilitzant
meétodes de quantificacié automatica, tipicament utilitzats en la recerca i,
segon, mitjangant l'avaluacié visual, que és més sovint utilitzada en el
context clinic. Els nostres resultats ens van portar a la identificacié de
llindars quantitatius per a la detecci6 preco¢ d'anormalitats en les imatges
PET d'AB significativament inferiors als préviament proposats. A més,
també vam concloure que la inspeccié visual d'aquestes imatges és
sensible per detectar i qualificar el diposit inicial d'AB en el cervell.

En el tercer estudi, les imatges PET d'AB van ser utilitzades per investigar
si factors de risc per la deméncia d'Alzheimer promovien I'acumulacio
d'agregats fibril-lars insolubles d'AB en el cervell per nivells similars d'AB
mesurat en el liquid cefalorraquidi (LCR), els quals reflecteixen el rati de
produccid/eliminacié d'espécies solubles d'AB. La nostra conclusié en
aquest estudi és que els tres principals factors de risc no modificables per
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a la deméncia d'Alzheimer -edat avancada, sexe femeni i ser portador de
I'al-lel APOE-¢4- incrementen la carrega fibril-lar d'AB dipositat per nivells
similars d'AB soluble mesurat en el LCR. Tanmateix, mentre que l'edat
avancgada i el sexe femeni promouen el diposit d'AB en arees tipiques de
la malaltia d'Alzheimer i, per tant, suggereixen un efecte additiu; I'al-lel
APOE-¢4 facilita I'expansié de I'AB en l'escorgca entorinica, que ha sigut
descrita per ser especialment vulnerable al dipdsit de la proteina tau.
Aquest ultim resultat suggereix que, els mecanismes relacionats amb I'al-lel
APQOE-¢4 podrien accelerar la propagacié de la patologia AR a aquestes
arees, facilitant la futura propagacié de la proteina tau pel neocortex i
contribuir aixi, a 'augment de risc de desenvolupar la malaltia d'Alzheimer.

Finalment, en el nostre ultim estudi, vam investigar els efectes derivats de
'acumulacié d'AB en les primeres etapes del continu de la malaltia
d'Alzheimer. Amb aquest objectiu, vam analitzar marcadors basics i novells
en LCR de la malaltia d'Alzheimer. Aquests inclouen: AB42/40 i tau
fosforilat (p-tau) com a marcadors de patologia AB i tau, respectivament;
tau total (t-tau) i neurofilament lleuger (NfL) com a biomarcadors de
neurodegeneracio; neurogranina per disfuncié sinaptica; GFAP, YKL-40,
sTREM2, S100b i IL-6 com marcadors d'activitat glial i, a-synucleina total
com a marcador de patologia d'a-synucleina. Val a destacar que els
nostres resultats suggereixen una relacié directe entre el diposit d'AB en el
cervell i la neurodegeneracié que és independent de la patologia tau. A
més, també vam descriure les associacions directes i/o indirectes amb la
carrega d'AB, aixi com l'efecte moderador d'alguns factors de risc en
aquestes relacions.
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INTRODUCTION






INTRODUCTION

B 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 hallimarks: senile plaques of
amyloid-B (AB) and neurofibrillary tau tangles (NFT; Figure 1). AR plaques
are aggregations of AB 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.

AB 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; Mila-
Aloma et al., 2019; Zetterberg and Bendlin, 2020; Zetterberg and Blennow,
2021).

Figure 1: AB senile plaques and neurofibrillary tau tangles seen with immunohistochemistry.
Upper row shows diffuse (A) and dense (B) AB 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 AB 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



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; Mila-Aloma 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; Mila-Aloma 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, AB 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 AR levels decline up to 25 years before
the estimated years of onset (EYO) (Bateman et al., 2012a). Also in the
familiar version of AD, AR accumulation can be detected using PET, after
CSF Ap 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 A becoming abnormal first, followed by increases in
AR 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 AR
accumulation and neuronal injury but before clinical onset (Suarez-Calvet
et al., 2016). Also biomarkers of synaptic dysfunction, and astroglial-
response have shown increases after AB and tau changes (Palmqvist et al.,
2019a, Mila-Aloma et al., 2020a) (See "Other AD biomarkers" section).

Spatial evolution of AD pathophysiological events

It is also important to note, that AB 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 Il), temporal preneocortex (stage lll), adjoining neocortex areas and
the insula cortex (stage 1V), 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 AB 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, AR accumulation starts in the neocortex (phase 1), followed by
the involvement in the allocortical regions (phase 2). Afterwards, the
regions affected by AR accumulation are diencephalic nuclei, the striatum,
and the cholinergic nuclei of the basal forebrain (phase 3). And, finally, AR
accumulates in several nuclei of the brainstem (phase 4) and the
cerebellum (phase 5).
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211



AB
accumulation
pattern

= )
‘(\*(

Phase 4

Tau
accumulation
pattern

Braak VIVI

Braak I/l h Braak NIV
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l 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
AB, 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-B pathology

In recent years many different AR biomarkers have been developed (Cohen
et al., 2019). They can be grouped into two big categories: neuroimaging
AB biomarkers and fluid AB biomarkers. The latter can also be divided into
those that measure AB 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 AB. In
this section, we will summarize the main characteristics of each of these
biomarkers and their inter-relationships.

AB has different species (e.g. ABa2, AB4o, ABss) 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 AB4z, is a minor component in the CSF and plasma in
physiological conditions, it is the major component of A plaques (lwatsubo
et al., 1994). For this reason maybe, CSF AB42 was the first AR 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 AB42 was known to be
deposited in AB 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 ABa42 levels in the CSF (Motter et al., 1995). Nowadays, CSF
AB42 levels are often normalized to ABa4o levels, which seems not as
pathogenic as ABaz, to account for inter-individual AB production differences
and other technical factors. This procedure has shown advantages above
CSF A4z alone in the differentiation of AD patients (Hansson et al., 2019).

Another AB biomarker usually used in clinical and research settings is AB
PET (Rowe and Villemagne, 2013; Meyer et al., 2019), which refers to the
amount of AB deposited in the brain by means of an specific radiotracer and
a PET scan (Figure 4). The first AB tracer to be developed was the ''C-
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 AR in AD patients
compared to healthy controls (Klunk et al., 2004). The main caveat of PIB
is that is labelled with ''C, 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, '8F-labelled tracers, with a longer half-life, were
developed a few years later. At this moment, three '8F-labelled A tracers
are approved by the Food and Drug Administration (FDA) and the European
Medicines Agency (EMA): ['®F]flutemetamol (Vandenberghe et al., 2010),
['8F]florbetaben (Rowe et al., 2008; Barthel et al., 2011; Villemagne et al.,
2011) and ['®F]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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1C-PIB ['®F]florbetaben  ['8F]florbetapir ['8F]flutemetamol

AB negative N !
\ :
AB positive e e 0 a

Figure 4: AB PET imaging with different tracers. This figure shows AB negative (upper row) and
AB 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 AR 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 AB 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 A retention of young controls, and another
at 100 CL, which is the average AP 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 ROls 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 AB 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 AR PET scans provides a continuous measure, in
some cases it might be of interest to simply classify subjects into AB positive
or negative, especially for decision making (i.e. who should enter in a
clinical trial). In the clinical routine, AB 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 AR positive or negative. This method
has been validated against neuropathological AR 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 AR
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 AB and AB PET quantification have been used as AB
biomarkers interchangeably in the research setting, their exact
correspondence is not straightforward. In dichotomic classification, both CSF
AB and AB PET have shown good accuracy in classifying subjects (Landau
et al., 2013; Palmqyvist et al., 2014, 2015). Nonetheless, its different criteria
to derive cut-offs for positivity (Jack et al,, 2017) can lead to different
conclusions (Mila-Aloma et al., 2020b). It is important to note that CSF AR
and AB PET measure different pools of AB (Roberts et al., 2017); CSF AB is
thought to measure the product of A production and clearance, whereas A
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PET tracers are known to bind only to dense fibrillar AB plaques and have
low affinity to diffuse AR plaques or soluble AR (Rowe and Villemagne, 2013).
Moreover, CSF AB and AB PET have a negative association, as CSF
decreases and AB 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 A measures in
the lower range of AR PET values that later on plateaus at the upper range
of AR PET values. Altogether these characteristics result in an earlier
detectability of abnormality in CSF AB than AR PET measures (Palmqvist et
al., 2016), which suggests that CSF AB more suitable for an early and
sensitive measure of AR pathology. However, it has also pointed out that the
usual AB 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).

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

Both CSF and PET have advantages and drawbacks as AB biomarkers.
One of the main advantages of measuring A 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 AR 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 B-amyloid (1-42) assay (Roche Diagnostics), a fully automated
electrochemiluminescence immunoassay, was recently developed (Bittner
et al., 2016). This AB 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 AB PET and generalizable cut-offs for A 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 AB information to classify
participants have shown improved predictive capacity for cognitive decline
and atrophy compared to global AR 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 AR detection
(Grothe et al., 2017; Collij et al., 2020; Jelistratova et al., 2020), and showed
its association to regional neuropathological markers of AR 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 Ap
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 AB 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 A
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 AR biomarkers have their advantages and
caveats. Moreover, although they are usually used indistinguishably,
especially in the clinics, they are measuring different signs of AR
dysmetabolism and their relationship may be complex.

Tau pathology

Together with AB, 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
(Mila-Aloma 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; Suarez-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 AB, 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, ['®F]flortaucipir, approved by the FDA for clinical
purposes. The main advantage of tau PET over CSF biomarkers, as with
AB PET, is that they provide topographical information. In tau PET, this
information is usually analysed looking at Braak-like regions (Cho et al.,
2016; Schall 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 (Schdll 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,
Palmquist et al., 2019b), showing elevated levels shortly after the first
changes in CSF A but before reaching AB 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 (Mila-Aloma et al., 2019), irrespective of cause (Khalil et
al., 2018). NfL levels increase in mild cognitive impairment (MCI) and
Alzheimer's dementia stages (Sjogren 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 A already in cognitively unimpaired participants
(Mila-Aloma 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) (Skillback 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
‘AB cascade hypothesis’ (Hardy and Higgins, 1992). This hypothesis, which
has been revised in the recent years (Selkoe and Hardy, 2016), states that
AR 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 AB in specific subcortical nuclei (Braak and Del Tredici,
2011).
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Recently, another explanation regarding AB 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 A3 deposition (Braak and Braak,
1997; Arnsten et al., 2020). However, A 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 A deposition (Vogel et al.,
2020). However, this theory is still under debate and other studies suggest
distinct types of interactions between tau and AR, such as tau, and not ApB,
being the initiating factor of the disease (Arnsten et al., 2020).

The temporal and regional association between AB and tau accumulation
and neurodegeneration is much clearer. On one hand, regional AR
accumulation is not strongly associated with specific GM atrophy or FDG
hypometabolism (Lehmann et al., 2013; Jagust, 2016; laccarino 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; laccarino 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 AB, is related to cognitive decline both as shown in post-mortem
neuropathological as well as in vivo studies (Arriagada et al., 1992; Gémez-
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; Scholl 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 AR, 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 AB
and tau, irrespective of cognitive status. Moreover, any subject with signs
of tau and/or neurodegeneration without Af positivity will be considered to
be outside the Alzheimer's continuum, even though they may enter into it if
AB 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 AR 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
A+T+(N)- Alzheimer’s disease
Alzheimer's
A+T+(N)+ Alzheimer’s disease continuum
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.

B OTHER BIOMARKERS RELATED TO
PATHOPHYSIOLOGICAL MECHANISMS IN AD

On top of the aforementioned AR 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; Mila-Aloma 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.

Inflammation

Microglia
STREM2
Progranulin

Astrocyte

YKL-40 Vascular dysregulation

CSF/serum albumin ratio
VCAM1 and ICAM1
SPDGFR-B

Tau pathology
T-tau
P-tau

Neuronal injury
NfL
VILIP-1

T-tau Synaptic dysfunction

Synaptotagmin-1
SNAP-25

GAP-43
Neurogranin

AB pathology
AB42 and AB42/40 ratio

a-synuclein pathology SAPPa and SAPPB
BACEL

TDP-43 pathology

Figure 6: Summary of the pathological events in Alzheimer’s disease and their corresponding
fluid biomarkers. Extracted from (Mila-Aloma et al., 2019).
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Pathological mechanism Biomarker AD vs HC
o AB PET 1
& AR pathology
E CSF Ap42/40 !
o
‘S CSF p-tau 1
o Tau pathology
< CSF t-tau 1
o
S
8 Neurodegeneration CSF NfL 1
Synaptic dysfunction CSF Neurogranin 1
g CSF YKL-40 1
53
E CSF GFAP =
o
i) Inflammation CSF sTREM2 1
a
< CSF IL-6 0
£
5 CSF S100b =
a-synuclein pathology CSF a-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: 1 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 [''C]JUCB-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 A levels in positive A
subjects without cognitive impairment (Mila-Aloma 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 AR 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 (TREMZ2) gene, which is
highly expressed in microglia, increased from two- to fourfold the risk of AD,
similar to what happens with APOE-¢4 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 (Suarez-Calvet et al., 2016; Suarez-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 AB 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. MClI), and
closely correlated with markers of tau pathology (Suarez-Calvet et al.,
2016). Further, in a continuation study with ADAD participants, the same
group showed that mutation carriers had higher levels of sSTREM2 five years
before the expected symptom onset and that was posterior to AR and tau
pathology cascade (Suarez-Calvet et al., 2016). Finally, sSTREM2 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 AB 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; Mila-Aloma 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 AR status, suggesting an
association with tau pathology (Mila-Aloma 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 (Mila-Aloma 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 a-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, a-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 AR and tau pathology also enables
intervention studies targeting alternative mechanisms (Honig et al., 2018;
Selkoe, 2019).

H 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 AR deposition (Jansen et al., 2015), tau
pathology, especially in the MTL (Braak and Braak, 1997; Schdéll et al.,
2016; Arnsten et al., 2020), and neurodegeneration (DeCarli et al., 2005;
Raz et al., 2005, Jack et al., 2013a, Mila-Aloma 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, Mila-Aloma 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 ¢4 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. €2, €3 and
£4), which result in six possible genotypes. Having one or two copies of the
APOE-¢4 increases the odds of developing AD (allelic dose odds ratio (OR)
[95% confidence interval(Cl)]: 6.00[5.06-7.12]), whereas the APOE-£2
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-¢4 carriers, who
have the less efficient apoE isoform (i.e. apoE4), have an increased AR
deposition compared to APOE-£3 homozygotes (reference group) (Reiman
et al., 2009; Jansen et al., 2015). APOE-¢4 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 AB levels (Mungas et al., 2014; Serrano-Pozo et al., 2015;
Farfel et al., 2016; van der Kant et al., 2020; Salvadé 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 A 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 arisk 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-¢4 in women (Farrer et al., 1997; Altmann et al, 2014).
Concerning AB and tau pathology, women that are APOE-¢4 carriers have
more AB 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
AB 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 A 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-¢4 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 AB
positivity of APOE-¢4 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-¢4 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).

B 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 BarcelonaBeta 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-¢4 carriers.
ALFA+ participants underwent a more thorough characterization including
MRI, AB 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-¢4 carriers, n(%) 201 (52.8)
Family history of AD, n(%) 184 (48.3)

AB 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

B 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 AB plaques. However, the clinical value of this AB
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 A 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, AB 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 AR deposition are a clear need of the
field. Some studies have proposed CSF AP as the best biomarker to detect
the earliest signs of AP alterations. However, some other studies have also
suggested that detection of low AR load using PET may have room for
improvement. One of the proposals to improve this sensitivity was
performing studies in participants with lower AB load, instead of in the
typical clinical cohorts.
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Apart from its detection, there are many other topics related to early Ap
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 AB 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 AB 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.

B HYPOTHESIS

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

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

3. Established risk factors for Alzheimer's dementia, namely, older age,
female sex and APOE-¢4 carriership, promote AB deposition in the
brain for any given level of soluble AR dyshomeostais.

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

The overarching goal of this PhD Thesis is:

To investigate AR 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 AR deposition using
AB PET quantification.

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

3. Toinvestigate differences between soluble AR dyshomeostasis and A
deposition related to established Alzheimer's dementia risk factors.

4. To describe pathophysiological mechanisms downstream to early
cerebral AB deposition using novel CSF biomarkers.
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Background: The Centiloid scale has been developed to standardize measurements of amyloid PET imaging.
Reference cut-off values of this continuous measurement enable the consistent operationalization of decision-
making for multicentre research studies and clinical trials. In this study, we aimed at deriving reference Centiloid
thresholds that maximize the agreement against core Alzheimer's disease (AD) cerebrospinal fluid (CSF) biomarkers
in two large independent cohorts.

Methods: A total of 516 participants of the ALFA+ Study (N =205) and ADNI (N=311) underwent amyloid PET
imaging (['®Ffluternetamol and ['®FIflorbetapir, respectively) and core AD CSF biomarker determination using
Elecsys® tests. Tracer uptake was quantified in Centiloid units (CL). Optimal Centiloid cut-offs were sought that
maximize the agreement between PET and dichotomous determinations based on CSF levels of AB4y, tTau, pTau,
and their ratios, using pre-established reference cut-off values. To this end, a receiver operating characteristic
analysis (ROC) was conducted, and Centiloid cut-offs were calculated as those that maximized the Youden's J Index
or the overall percentage agreement recorded.

Results: All Centiloid cut-offs fell within the range of 25-35, except for CSF AB4» that rendered an optimal cut-off
value of 12 CL. As expected, the agreement of tau/ApR,, ratios was higher than that of CSF AB,,. Centiloid cut-off
robustness was confirmed even when established in an independent cohort and against variations of CSF cut-offs.

Conclusions: A cut-off of 12 CL matches previously reported values derived against postmortem measures of AD
neuropathology. Together with these previous findings, our results flag two relevant inflection points that would
serve as boundary of different stages of amyloid pathology: one around 12 CL that marks the transition from the
absence of pathology to subtle pathology and another one around 30 CL indicating the presence of established
pathology. The derivation of robust and generalizable cut-offs for core AD biomarkers requires cohorts with
adequate representation of intermediate levels.
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Introduction

Aggregation of B-amyloid (AP) is a neuropathological
hallmark of Alzheimer disease (AD) and occurs decades
before the onset of clinical symptoms occur [1, 2]. Both
amyloid positron emission tomography (PET) and cere-
brospinal fluid (CSF) APs, measurement are established
biomarkers of AP deposition that highly correlate with
post-mortem [3, 4] and brain biopsy findings [5] and serv-
ing as in vivo proxies of AD pathological findings that can
be assessed in vivo. They are included as part of the
biological definition of AD in the recent NIA-AA 2018 re-
search framework [6] for the definition of preclinical
stages of AD [7] and as well as inclusion criteria in clinical
trials [8]. CSF AB4> and amyloid PET show a high degree
of agreement [9-19], even though they probably measure
two different pools of amyloid. While the signal detected
by amyloid PET may reflect fibrillary amyloid [20], the de-
crease of CSF APy, levels more likely reflects both fibrillar
and non-fibrillar Ap deposits. Another difference is that
CSF AB42 may become abnormal before amyloid PET
[21, 22], while amyloid PET has been suggested to be
superior for grading early symptomatic AD stages [19].

For diagnostic purposes, three '*F-labelled PET radio-
tracers have been granted marketing authorizations and
are being used: ['*F]flutemetamol (Vizamyl; GE Health-
care), ['*F]florbetaben (Neuraceq; Life Molecular Im-
aging), and ['®F]florbetapir (Amyvid, Eli Lilly). In the
clinical setting, PET scans are visually read by trained
specialists and are categorized as either positive or nega-
tive [23]. For quantitative purposes, the three different
tracers show considerable variability when measured using
the typical standardized update value ratios (SUVRs). To
improve the comparability of the retention measurements
across tracers, the Centiloid method has been proposed
[24]. This method linearly scales the measurement of a par-
ticular tracer from 0 to 100 scale, where ‘0’ represents the
average uptake in young controls and ‘100’ corresponds to
the average uptake in typical AD patients at the dementia
stage. To apply the Centiloid conversion, reference datasets,
quantification pipelines, and regions of interest and refer-
ence are available publically from http://www.gaain.org/
centiloid-project. When expressed in Centiloids (CL), opti-
mal thresholds for positivity against visual reads typically
fall within the range between 25 and 35 CL [25-27].

The applicability of CSF A4, determinations with
enzyme-linked immunosorbent assays (ELISAs) has been
limited by several preanalytical and analytical factors,
resulting in lot-to-lot and between-laboratory variability.
These issues are expected to be improved by the avail-
ability of certified reference materials [28], and the problem
with analytical variation is expected to be overcome with
fully automated systems, such as the novel Elecsys® CSF
immunoassay [29]. Using this system, core AD biomarkers
in CSF have been compared to Ap PET [22, 30, 31] and a
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CSF cut-off against PET visual read has been established by
receiver operating characteristic (ROC) analysis and vali-
dated against an independent sample. The resulting areas
under the curve (AUC) of CSF Ay, against AR PET visual
read ranged from 0.85 to 0.92. Interestingly, in these stud-
ies, tau/APy, ratios showed a higher agreement against
PET visual reading (AUCs 0.94—0.96) than CSF A, alone.

During the last years, investigators have started interven-
tions before the onset of clinical symptoms, when Afs,
changes are detectable using CSF and amyloid PET bio-
markers [32-34]. Amyloid positivity is often recognized as
the earliest detectable pathophysiological abnormality in
AD. Typically, positivity has been operationalized as a
positive visual read in an amyloid PET scan. Accordingly,
quantitative cut-offs for PET imaging, but also for CSF
biomarkers, have been derived against visual reads. How-
ever, the question remains of whether lower quantitative
cut-offs can be used to detect more subtle amyloid
alterations with higher sensitivity, but which still provide
good specificity. Such cut-offs are critical for the operatio-
nalization of preventive interventions like recruiting cogni-
tively unimpaired individuals into prevention clinical trials.
Therefore, there is a need to establish sensitive, reliable and
generalizable cut-off values for amyloid PET to detect early
amyloid deposition and operationalize decision-making in
preventive intervention. In addition, visual inspection of
PET scans can render both positive and negative reads
throughout a wide range of CL values.

Initial studies to find optimal thresholds have been
performed in populations recruited from clinical popula-
tions. This translates into samples with extreme values
of both CSF A4, and amyloid PET, which is AD pa-
tients with high amyloid load vs normal cognitive with
low amyloid load. This approximation results in defining
an optimal cut-off based on a population with low num-
ber of individuals with intermediate values around puta-
tive threshold values, which may hamper rendering. A
critical consideration when deriving such cut-offs is to
appropriately populate amyloid values around the
cut-offs to derive optimal and robust values. On the
other hand, as CSF AP, levels start changing earlier
than the PET signal, derivation of CL cut-off values
against CSF in populations with initial amyloid abnor-
malities brings the opportunity to derive more sensitive,
yet robust and generalizable, CL values associated to
early amyloid accumulation.

In this study, we aimed at deriving optimal Centiloid
threshold values in amyloid PET that maximize the
agreement against established thresholds of CSF core
AD biomarkers. To this end, we capitalized on the
ALFA+ cohort of cognitively unimpaired individuals
enriched for risk factors for AD [35], and in order to im-
prove the generalizability of our results, analogous data
from the Alzheimer’s Disease Neuroimaging Initiative
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(ADNI; http://adni.loni.usc.edu/) was pooled with that
originated in the ALFA+ cohort.

Methods
Participants
ALFA+ is a nested longitudinal long-term study of the
ALFA (for ALzheimer’s and FAmilies) cohort [35]. In brief,
the ALFA cohort was established as a research platform to
characterize preclinical AD in 2743 cognitively preserved in-
dividuals, aged between 45 and 75 years old with increased
risk for AD. In the nested ALFA+ study, participants
undergo advanced protocols of magnetic resonance imaging
(MRI), amyloid PET imaging with [**F]flutemetamol and
CSF core AD biomarkers [35]. The first consecutive 205
participants of the ALFA+ study were included in this work.
In order to have generalizable results reflecting the
whole AD continuum, 311 participants from ADNI were
also included in this study selected according to the fol-
lowing inclusion criteria: (1) AD CSF core biomarkers
analysed with the Elecsys® tests available, (2) amyloid PET
scan acquired in less than a year from CSF collection
available, and (3) MRI acquired with a difference from the
time of the PET acquisition of less than a year. All ADNI
PET images included were acquired with [**F]florbetapir.

CSF preanalytics of ALFA+ participants

Fresh CSF samples were collected in 15-mL polypropyl-
ene tubes (Sarstedt catalog #62.554), the supernatant ali-
quoted into 0.5-mL polypropylene tubes (Sarstedt catalog
#72.730.005), and frozen within 2 h after lumbar puncture.
Aliquots were placed into long-term storage boxes and
stored at — 80 °C until shipment on dry ice for analysis.

CSF analyses on ALFA+ and ADNI

CSF samples were measured using the Elecsys® (-
amyloid(1-42) [29], and the Elecsys® phosphotau
(181P) and Elecsys® total-tau immunoassays for CSF
on a cobas e 601 analyzer (software version 05.02) at
the Clinical Neurochemistry Laboratory, University of
Gothenburg, Sweden (ALFA+) or at the Biomarker Re-
search Laboratory, University of Pennsylvania, USA
(ADNI), according to the kit manufacturer’s instruc-
tions and as described in previous studies [29].

Predefined CSF cut-offs against PET visual read

The BioFINDER and ADNI CSF AD core biomarker
cut-offs were previously determined against amyloid PET
visual read classification [22, 30]. ADNI participants were
categorized using ADNI-specific CSF thresholds (please see
Additional file 1: Table S1). Given that the ALFA+ study
shares the same preanalytical and analytical conditions as
BioFINDER, we used the same thresholds previously pub-
lished for BioFINDER to categorize ALFA+ participants
(please, see Additional file 1: Table S1).
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On the other hand, we used the previously described
conversion factor from BioFINDER to ADNI values [30] in
order to pool herein the ALFA+ values with those of ADNI
(only for figures, not used for CL cut-offs derivation).

Neuroimage acquisition procedures

Each cohort had its own acquisition protocol. For ALFA+,
a T1-weighted MRI and an [**F]flutemetamol PET scan
was acquired in all participants (mean time difference 97.1
days; range [14-343]). The T1-weighted 3D-TFE sequence
was acquired in a Philips 3 T Ingenia CX scanner with a
voxel size of 0.75 x 0.75 x 0.75 mm?®, FOV 240 x 240 x 180
mm?, sagittal acquisition, flip angle 8°, TR =9 9ms, TE =
4 .6ms, TI=900ms. PET imaging was conducted in a
Siemens Biograph mCT, following a cranial CT scan for at-
tenuation correction. Participants were injected with 185
MBq (range 166.5-203.5 Mbq) of [**F)flutemetamol, and 4
frames of 5 min each were acquired 90 min post-injection.
Images were reconstructed with an OSEM3D algorithm
using 8 iterations and 21 subsets and with point spread
function (PSF) and time of flight (TOF) corrections into a
matrix size of 1.02 x 1.02 x 2.03 mm.

The methods for ADNI PET and MRI acquisition
methods are described in more detail elsewhere (http://
adni.loni.usc.edu/methods/documents/). In brief, all PET
images were acquired with ['*F]florbetapir, which con-
sisted of 4 frames of 5min each, acquired at 50 to 70
min post injection. Most of the T1 sequences used for
normalization were magnetization-prepared rapid ac-
quisition gradient echo (MPRAGE), acquired with
1.5T or 3T scanners. All images, ALFA+ and ADNI,
were visually inspected for quality control.

Image processing

All PET images were preprocessed following the Centi-
loid [24] pipeline using SPM12 (https://www.fil.ion.ucl.
ac.uk/spm/software/spm12/). In brief, PET frames were
coregistered. Averaged images were then coregistered to
corresponding MRI scans. MRIs were then segmented and
normalized to the MNI space together with PET images.
We calculated the SUVr in MNI space using the target re-
gion provided in the GAAIN website (www.gaain.org) and
the whole cerebellum as reference region. SUVr values
were then transformed to the Centiloid scale as explained
in Additional file 1: Supplementary methods.

Statistical analysis

Demographic characteristics of both cohorts were first
compared. T test for independent samples was used with
continuous variables and y* with dichotomous variables.
To be able to directly compare A4, measures from both
cohorts, we had to transform ADNI data to account for
pre-analytical conditions [30]. This transformation was
only used to perform scatter plots but not to perform
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any other analysis, as each dataset had their own cut-offs
for the CSF biomarkers (Additional file 1: Table S1).

Optimal Centiloid cut-offs were calculated as those
that maximized the Youden’s ] Index (YI) or the
overall percentage agreement (OPA; “accuracy”). YI
statistic consists of the summation of the sensitivity
and specificity [36], and the OPA reflects the per-
centage of cases with concordant binary classification
with CSF and PET. Both were calculated on the
pooled ALFA+ and ADNI data as a function of Cen-
tiloid values for A4, phosphorylated tau (pTau),
total tau (tTau), and pTau/AP,, and tTau/A,, ratios.
For each CSF biomarker as binary outcome, optimal
cut-offs were selected as those showing the maximum
value of one of the statistics after minimally smooth-
ing true-positive, true-negative, false-positive and
false-negative curves using the ‘smooth’ function in
Matlab (v2018b) with the ‘lowess’ method and a span
value of 0.1.

On top of YI and OPA, we also calculated the positive
percentage agreement (PPA, “sensitivity”) and negative
percentage agreement (NPA, “specificity”) and the area
under the curve (AUC) of the receiver operating charac-
teristic (ROC) analysis. All 95% confidence intervals
(95% CI) for all statistics were derived using bootstrap-
ping methods (# = 5000).

In order to explore the generalizability of the calcu-
lated thresholds, we also derived them in each cohort in-
dividually. Robustness of the Centiloid cut-offs were
assessed by deriving them against more liberal CSF
thresholds (higher for ABs, and lower for tau, Additional
file 1: Table S1). With this new CSF categorization, we
wanted to include those participants that are close to
the threshold but still classified as negative (“grey zone”,
[GZ]). To calculate these new CSF thresholds, we add
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(or subtract) the 10% of the original threshold, as this
slight variation in the CSF thresholds showed helping to
reduce false negatives and to be strongly associated with
future AP4, positivity [37, 38].

Results

Demographic characteristics and CSF and amyloid
biomarkers

Table 1 shows demographics and characteristics of CSF
and amyloid PET biomarkers in the two cohorts included,
i.e. ALFA+ and ADNI, which have some differences. The
ALFA+ cohort has younger participants, more women
and significantly less proportion of positive participants
on all AD CSF core biomarkers, as expected as it includes
only cognitively preserved participants. By contrast, ADNI
participants are in more advanced stages of the disease,
with higher number of APOE-g4 carriers and higher fre-
quency of positive core AD CSF biomarkers (Table 1).
This also translates into a significant difference in both
the mean and average of amyloid PET CL values between
both cohorts. As shown in Figs. 2a, 3a and 4a, the ALFA+
cohort covers intermediate CSF and CL values, whereas
ADNI participants’ CSF and CL measures show a more bi-
modal pattern. Mean and SD values for CSF biomarkers
and Centiloid measures can be found in Additional file 1:
Table S2. Scatterplots for pTau and tTau can be found in
Additional file 1: Figure S1.

Optimal CL cut-offs

We computed the optimal CL cut-off values to differen-
tiate individuals within the Alzheimer’s continuum and
controls using the AD CSF core biomarkers as a refer-
ence. We performed the analysis with CSF Ay, alone,
pTau/AP4, and tTau/APy, ratios and also pTau and tTau

Table 1 Demographics and characteristics of CSF biomarkers and PET quantification measures, overall and by cohort. All the
characteristics shown in this table were statistically different (p < 0.001) between cohorts

ALL (n=516) ALFA+ (n=205) ADNI (n =311)
Age, mean (SD) [range] 69.13 (9.10) [50-92] 61.01 (4.85) [50-74] 7448 (7.07) [56-92]
Women, n (%) 286 (55.4) 134 (65.4) 152 (48.9)
Education, years mean (SD) 14.98 (3.37) 13.49 (3.58) 1596 (2.82)
APOE-£4 carriers, n (%) 260 (50.4) 81 (39.5) 179 (57.6)
Positive ARy, n (%) 273 (52.9) 60 (29.3) 213 (68.5)
Positive pTau, n (%) 323 (62.6) 56 (27.3) 267 (85.9)
Positive tTau, n (%) 294 (57.0) 50 (24.4) 244 (78.5)
Positive pTau/AB,,, n (%) 258 (50.0) 24 (11.7) 234 (75.2)
Positive tTau/AB4y, n (%) 246 (47.7) 21 (102 225 (72.3)

Diagnostic, n (%) CN/MCI/AD
Time difference CSF-PET, days mean (SD) [range]

256 / 237 / 23 (49.6)/(459)/(4.5)
452 (60.3) [0-343]

205/ 0/ 0 (100)/(0)/(0)
97.1 (65.1) [14-343]

36 /237 /23 (116)/76.2)/(7.4)
110 (17.2) [0-126]

AB B-amyloid, AD Alzheimer’s disease, ADNI Alzheimer's Disease Neuroimaging Initiative, APOE Apoliprotein E, CN cognitively normal, MCI mild cognitive impaired

participants, pTau phosphorylated tau, SD standard deviation, tTau total tau
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alone. We studied the pooled data from ALFA+ and
ADNI cohorts, using cohort-specific CSF thresholds.

Table 2 summarizes the optimal CL values, using the
pooled data from ALFA+ and ADNI cohorts, and associ-
ated statistical performance against CSF A B4, pTau/Ay,,
tTau/AB4o, pTau and tTau. Figure 1 shows the associated
ROC curves.

CSF ABa>
Derivation of Centiloid cut-off against A4, is shown in
Fig. 2. The resulting cut-offs with this analysis were 12.1
CL with YI's optimization and 11.6 CL OPA’s optimiza-
tions, which corresponded with maximum values YI of
0.66 (95% CI 0.59-0.72) and OPA of 0.83 (95% CI 0.81—
0.86), respectively. The corresponding area under the curve
for CSF A4 was of 0.87 (95% CI 0.84-0.90). PPA and
NPA values for these CL cut-offs are shown in Table 2.
The optimal cut-offs calculated against 10% variation of
the CSF threshold were similar (CL=11.1 CL with OPA,
0.85, and CL = 12.9 with YI, 0.70; Additional file 1: Table S3
and Figure S2), and the AUC was slightly improved AUC =
0.90. When CL cut-offs were derived separately in the two
independent cohorts, the AUC for CSF APy, was higher in
the ADNI cohort than in ALFA+ (0.85 vs 0.76 Add-
itional file 1: Table S4). The optimal threshold for the
ALFA+ cohort were slightly lower to the one found in
the pooled analysis (CL = 5.4 with YI and CL = 10.7 with
OPA, Additional file 1: Table S4 and Figure S3), whereas,
for ADNI, the optimal cut-off resulted was significantly
higher (CL=36.2 CL with YI and CL=33.1 with OPA,
Additional file 1: Table S4 and Figure S4).

CSF tau/A,; ratios and tau

Very similar results were found in both tau over APy, ra-
tios (Figs. 3 and 4). The optimal cut-off derived with both
cohorts merged for pTau/Af,, was 28.8 CL with an AUC
of 0.97 [0.96-0.99] with both YI and OPA’s maximization
and for tTau/ABs, 29.7CL with YI's maximization and
30.1 CL with OPA’s maximization with an AUC of
0.96 [0.94-0.97] (Table 2).

Unlike for CSF AP4,, optimal thresholds against varia-
tions of the CSF cut-offs resulted in a reduced optimal
threshold of CL=214 for both tau ratios with YIs
maximization and CL = 20.6 for both tau ratios with OPA’s
maximization (Additional file 1: Table S3 and Figure S2).
When derived in both cohorts separately, thresholds were
again slightly lower in the ALFA+ cohort (CL =20.0 and
CL =24.8 for pTau ratio and CL=20.1 and CL =249 for
tTau ratio; Additional file 1: Figure S3 and Table S4) and
significantly higher for ADNI (CL = 34.4 and CL = 31.5 for
pTau ratio and CL=34.7 and CL=325 for tTau ratio;
Additional file 1: Figure S4 and Table S4).

Optimal cut-offs for CSF pTau and tTau were similar
to those for the ratios, but with lower AUCs (Table 2).
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Meanwhile, tTau cut-offs remained relatively stable when
using YI or OPA as criterion (CL = 28.6 and CL = 28.8, re-
spectively); pTau cut-offs changed highly (29.3 CL with YI
vs 18.7 with OPA; Additional file 1: Table S3). The analysis
against 10% CSF variations resulted in similar cut-offs
with similar AUCs except for tTau cut-off resulting from
OPA’s maximization that lowered up to 15.9 CL (Add-
itional file 1: Table S3 and Figure S2). Finally, the behav-
iour of the cut-offs in the two cohorts separately was quite
different with respect to tau over A, ratios and resulted
in lower AUCs than the optimal cut-off (Additional file 1:
Figure S2, S3 and, Table S4).

Discussion

In this paper, we sought to calculate the optimal Centi-
loid cut-off values from amyloid PET data to maximize
the agreement against previously established thresholds
for positivity on core AD CSF biomarkers. At a first
glance, this might be regarded as a circular exercise,
since these CSF cut-offs were originally derived to max-
imally concord with positive visual reading of PET scans.
Under this rationale, all resulting Centiloid cut-offs
would have be expected to fall in the range that opti-
mally discriminates negative from positive visual reads,
which is between 25 and 35 CL [25, 26]. On the con-
trary, optimal agreement for CSF A4, was observed for
a cut-off of 12 CL. This seemingly unexpected result can
be explained by the clearly non-linear relationship be-
tween amyloid PET Centiloids and CSF Afy,, as previ-
ously reported [39]. Almost all subjects with CSF A,
over 1000 pg/ml showed Centiloid values below 20, and
only for CSF values <1000 pg/ml, a linear association
could be intuited. This nonlinear association makes
goodness criteria (both the Youden’s Index and the over-
all percentage agreement) to plateau between 10 and 40
CL (Fig. 2). Under these circumstances, to derive stable
optimal cut-offs, it is critical to make use of a test sample
comprising both sufficient concordant positive and nega-
tive cases as well as a good representation of individuals
falling within intermediate amyloid ranges (10 < CL <40
and 500 < CSF AP4» <1000 pg/ml). In this study, this was
achieved by pooling the ADNI and ALFA+ datasets.

The independent derivation of optimal CSF Afs
cut-offs in the two cohorts confirmed this rationale. In
the ADNI sample, optimal values fell in the expected
range of visual reads (between 33 and 36 CL) whereas
the optimal threshold in the ALFA+ sample is closer to
that in the pooled sample (between 5 and 11 CL). This
result confirms that the derivation of optimal cut-offs is
very sensitive to the recruitment strategy of the refer-
ence sample, with clinical ones rendering higher cut-offs
than population based ones with a better representation
around the range of values where cut-offs are expected
to lay. Previous literature has suggested that CSF A4,
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Fig. 1 Summary of ROC curves for Centiloid cut-off derivation against CSF biomarkers. pTau, phosphorylated tau; tTau, total tau; CSF,

0.6 08 1

values become positive before amyloid PET [21, 22].
This may be related to amyloid PET visual read and
SUVRs cut-offs on clinical populations. In these popula-
tions, the visual read is performed in patients with either
prodromal AD or dementia due to AD; hence, the amyl-
oid load is supposed to have reached its ceiling. By con-
trast, the ALFA+ population reflects a cohort of early
amyloid accumulators at risk for cognitive impairment;
therefore, a positive visual read may be reached when
amyloid is still not at its peak. Indeed, the threshold of
12 CL is robust against variations in the cut-off for CSF
positivity (Additional file 1: Table S3) as well as if only
the ALFA+ dataset is used for its derivation.

Although 12 CL may initially be regarded as a low
value for amyloid positivity, it matches recent reports of
Centiloid cut-offs against postmortem measures of AD
neuropathology showing that 12.2 CL optimally detected
Consortium to Establish a Registry for Alzheimer’s Dis-
ease (CERAD) moderate-to-frequent neuritic plaques,
whereas 244 CL identified intermediate-to-high AD
neuropathologic change (ADNC) differences [40]. An-
other similar study showed that a threshold <10 CL was
optimal for ruling out the presence of amyloid plaques,
whereas CL > 20 suggests significant amyloid pathology
[26]. However, we would like to point out that we did
not want to affirm that the CL cut-offs found show
amyloid pathology, but only to find those CL values that
maximally agree with those of the CSF core AD bio-
markers. The fact that the CL cut-offs derived in this
study agree with a previous one done with neuropatho-
logical data is only a marker that these values might

have an actual biological meaning, more than only a
practical one. But this hypothesis should be tested in an-
other work, preferably with longitudinal data.

Unlike CSF AP4), for tau/CSF APy, ratios, the opti-
mal CL cut-offs fell within the expected range (28-30
CL) given the linear relationship between this bio-
marker and amyloid PET Centiloids. Indeed, tau/CSF
A4y ratios showed higher AUC versus amyloid PET
Centiloids than CSF Afy,, in agreement with the previous
reports [22, 27, 30, 31]. The higher capacity of tau/CSF
APy, ratios to predict Centiloids may be accounted for by
two different factors. On the one hand, CSF ratios may
provide a more stable measurement than absolute values
since they provide an inherent normalization against pro-
tein production and release to the CSF, between-individual
variations in CSF dynamics, and pre-analytical conditions.
Therefore, the lower variability in the CSF ratios may ac-
count for better AUCs. On the other hand, CSF Af4, has
been proposed to become abnormal prior to amyloid PET
[21, 41]. This fact might stem from the fact that both tech-
niques probe different pools of the amyloid protein. There-
fore, the combination of measurements of A with those
of tau, a pathological change that is expected to occur later
in the AD continuum [41], might show better agreement
with amyloid PET, which is also expected to become ab-
normal later than CSF A .

Together with previous studies, the observed thresh-
olds might be useful to flag two different inflection
points in preclinical AD stages. A cut-off below 12 CL
might be optimal to rule out-amyloid pathology, whereas
a cut-off over 29 CL might be denoting established
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J

pathology. These kinds of thresholds have typically been
used to dichotomize continuous values into two categories
for clarity and ease of use. However, alternatives have also
been considered and include the score of the severity of
each biomarker on a semi-continuous scale as considered,
for instance, in the A/T/N scheme [42]. Therefore, an op-
tion would be to categorize the full range of variation of
biomarker values in three categories: one that excludes
any pathology, another intermediate category that would
indicate early and developing pathology and a third one
that corresponds with established pathology.

N 62

Two goodness criteria have been used here to derive
optimal cut-offs: the Youden’s Index, which balances
sensitivity and specificity, and the overall percentage
agreement, which is sensitive to the percentages of posi-
tives versus negatives in the test sample. Both rendered
very similar values and the Centiloid cut-offs proposed
here are robust against variations in the threshold values
for CSF positivity. Still, the Youden’s index showed a
more noisy behaviour than the overall percentage agree-
ment, particularly in the analysis of the two individual
samples. In order to obtain more robust estimates of
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A

classification performance, more subjects across the
full AD continuum would be needed. This is a rele-
vant effect because in previous similar works, the
Youden’s Index has been typically selected as the
reference measurement of agreement [22, 30, 31].
Hansson et al. [30] added reliability measures to per-
formance metrics to derive optimal cut-offs. We
handled the noisy behaviour of performance metrics
by deriving optimal cut-offs after some minimal
smoothing of the data. This approach proved to be
efficacious to derive stable cut-offs even in the ana-
lysis of the individual cohorts.

Irrespective of the approach to counter the effect of
noisy agreement estimates, additional analysis with lar-
ger samples might be needed to yield more robust and
generalizable cut-offs. To this end, future work will focus
on pooling additional samples. In addition to a limited
sample size, we rely on the comparability of PET and
CSF measures across the two studied samples. While
agreement on CSF data is certainly improved with the
Elecsys® tests and with the use of the Centiloid method
on PET scans, we cannot rule out the presence of a cer-
tain degree of sample-dependent bias in the data ana-
lysed. Still, when computing the cut-offs solely using the

63 1
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ALFA+ cohort results were very similar, thus sug-
gesting that any remaining bias is small and did not
have a significant impact on our results. Another
limitation may stem from the somewhat limited sam-
ple analysed here may not be sufficient to derive ro-
bust generalizable cut-off values. Additional analysis
with bigger sample sizes and more amyloid PET
tracers that the two used here may overcome this
limitation.

In summary, we have derived optimal Centiloid values
to maximize the agreement against core AD CSF bio-
markers. Regarding AP, a relatively low value of 12 CL

N 64

optimally corresponded to CSF AP4, positivity, in line
with Centiloid thresholds derived against post-mortem
measures of AD neuropathology. On the other hand,
CSF tau/AP,, ratios were better predicted by a higher
Centiloid cut-off of 29 CL, which is in line with those
optimally discriminating positive from negative visual
reads on PET scans. In agreement with previous reports,
CSF tau/Ay; ratios showed a higher capacity to predict
amyloid PET Centiloids than CSF Aps,. Overall, our re-
sults provide reference values in the Centiloid scale and
suggest two relevant inflection points the development
of early AD pathology across the full AD continuum.
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Abstract

Purpose To investigate the sensitivity of visual read (VR) to detect early amyloid pathology and the overall utility of regional VR.
Methods ['*F]Flutemetamol PET images of 497 subjects (ALFA+ N = 352; ADC N = 145) were included. Scans were visually
assessed according to product guidelines, recording the number of positive regions (0-5) and a final negative/positive classifi-
cation. Scans were quantified using the standard and regional Centiloid (CL) method. The agreement between VR-based
classification and published CL-based cut-offs for early (CL =12) and established (CL =30) pathology was determined. An
optimal CL cut-off maximizing Youden’s index was derived. Global and regional CL quantification was compared to VR.
Finally, 28 post-mortem cases from the [le]ﬂutemetamol phase III trial were included to assess the percentage agreement
between VR and neuropathological classification of neuritic plaque density.

Results VR showed excellent agreement against CL =12 (x = .89, 95.2%) and CL = 30 (x = .88, 95.4%) cut-offs. ROC analysis
resulted in an optimal CL = 17 cut-off against VR (sensitivity = 97.9%, specificity = 97.8%). Each additional positive VR region
corresponded to a clear increase in global CL. Regional VR was also associated with regional CL quantification. Compared to
mCERADgg-based classification (i.e., any region mCERADgqy > 1.5), VR was in agreement in 89.3% of cases, with 13 true
negatives, 12 true positives, and 3 false positives (FP). Regional sparse-to-moderate neuritic and substantial diffuse AP plaque
was observed in all FP cases. Regional VR was also associated with regional plaque density.

Condlusion VR is an appropriate method for assessing early
amyloid pathology and that grading the extent of visual amy-
loid positivity could present clinical value.
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Positron emission tomography (PET) imaging enables the
in vivo assessment and quantification of amyloid-3 (Af3) neu-
ritic plaque density, a pathological hallmark of Alzheimer’s
disease (AD). In the clinical setting, the approved method for
the assessment of amyloid pathology for supporting diagnosis
using PET images is the visual read (VR), as described in the
product labels of all currently registered amyloid PET tracers.
To this end, VR has been validated against neuropathological
determinations of amyloid burden [1-3]. However, it has been
suggested that VR is a rather conservative method, as it was
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developed to indicate moderate-to-frequent plaques as evalu-
ated using the CERAD classification [ 1, 4]. Asa consequence,
it is possible that this method misses the detection of early
sparse amyloid accumulation, which could be of interest for
detecting early amyloid abnormalities [5]. In addition, al-
though several regions-of-interest (ROIs) are visually assessed
as in accordance with the reader guidelines, generally only the
final classification (i.e., negative/positive) is used in both re-
search and clinical settings, omitting any information regard-
ing the location and extent of amyloid pathology.

Differently than in the clinical routine, amyloid PET
(semi-)quantification has mainly been used in the research setting
to study both clinical and earlier (preclinical) populations.
However, the considerable variability in choice of tracer and
(semi-)quantitative methods across centers has challenged the
comparability of quantitative outcomes. For that purpose, the
recently proposed Centiloid scale has become an increasingly
used approach for the harmonization of amyloid PET data.
Local processing pipelines can be validated against the original
Centiloid method, and tracer-specific metrics such as the stan-
dardized uptake value ratio (SUVT) can be converted to a com-
mon scale referred to as “Centiloid” (CL). The scale is anchored
on [''CJPiB SUVTr data and constructed such that CL = 0 repre-
sents the mean level of amyloid PET tracer uptake in young
controls, while CL = 100 reflects the average signal observed in
typical mild-to-moderate AD dementia patients [6]. This method
has also been validated against neuropathological data by two
independent studies [7, 8]. First, La Joie and colleagues (2019)
demonstrated that the earliest detectable [''C]PiB signal occurred
at CL=12, and that a cut-off of CL=24 best discriminated
between subjects with none-to-low A3 plaque burden and those
with intermediate-to-high deposition [7]. Similar CL cut-off
values were also identified by Amadoru and colleagues (2020),
where CL = 10 was considered an optimal threshold for exclud-
ing neuritic plaques, while approximately CL =21 successfully
detected moderate-to-frequent plaque density [8]. In addition, a
cut-off of CL =12 was later also reported by Salvad6 and col-
leagues (2019) to maximize the agreement between
["®F]florbetapir and ['*F]flutemetamol PET CL values from
two different cohorts with respect to amyloid positivity as deter-
mined through CSF A 34, levels. Furthermore, when comparing
to CSF p-tau/Af34, ratio levels as an indication of established AD
pathology, the authors identified a cut-off of CL =30 [9].

In contrast, studies using VR as the reference standard have
reported significantly higher CL cut-offs (i.e., up to 42 CL) for
determining amyloid abnormality [10-12]. This discrepancy is
possibly due to substantial differences in the populations studied,
with the number of preclinical individuals being limited or even
absent in most VR studies. Preclinical AD participants are more
likely to show low levels of amyloid burden in a focal manner
[13] and therefore support more sensitive (lower) cut-offs than
the specific (higher) ones identified from end-of-life subjects or
typical clinical populations. Unfortunately, reports of regional
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VR are scarce and only available from clinical populations,
where focal increase in signal has been visually observed in <
2% of individuals [14, 15]. However, as recent studies highlight
the value of quantitative regional amyloid assessments in identi-
fying focal amyloid pathology [16-18], performing systematic
regional VR informed by the spatial-temporal evolution of amy-
loid pathology [19] could bring value to stage the progression of
amyloid accumulation.

As stated in the strategic roadmap for an early diagnosis of
AD framework, proper evaluation of VR performance in detect-
ing early or focal amyloid deposition and establishing reader
guidelines to facilitate such use remains incomplete [20].
Within this context, the aims of this study are twofold. First,
we studied the agreement between VR- and CL-based classifi-
cation of amyloid PET scans using previously proposed cut-offs
for early and established amyloid accumulation. Secondly, we
characterized and assessed the utility of regional VR positivity to
stage amyloid burden across the AD continuum. To these ends,
we pooled ["*F]flutemetamol scans of two complementary co-
horts that allowed us to cover both early and established pathol-
ogy. The pooled cohort was intended to cover the full range of
amyloid burden and to have a good representation of intermedi-
ate amyloid levels around proposed cut-offs for early amyloid
accumulation. We also studied the inter- and intra-reader agree-
ment in a subset of scans with mainly intermediate levels of
amyloid burden, to assess the reproducibility of regional VR in
the early stages of AD. Finally, we aimed to validate our results
using an independent post-mortem data-set, in which (regional)
VR was compared to neuropathological scores.

Methods
Subjects

Data from two cohorts were pooled in order to capture amyloid
accumulation across the AD continuum; the ALFA+ cohort,
which is a nested longitudinal long-term study of the ALFA
(for ALzheimer’s and FAmilies) [21] and the Dutch
Flutemetamol study from the Amsterdam Dementia Cohort
(ADC) [22, 23]. The ALFA cohort was established as a research
platform to characterize preclinical AD in 2743 cognitively un-
impaired individuals, aged between 45 and 75 years old with
increased risk for AD. The ALFA+ sub-study consists of partic-
ipants enriched for family history of AD and APOE &4
carriership and who underwent amyloid PET imaging. The first
consecutive 352 participants of the ALFA+ study collected be-
tween March 2017 and January 2020 were included in this work.
The ADC cohort consisted of cognitively impaired patients (mild
cognitive impairment (MCI), AD dementia, and non-AD demen-
tia (e.g., fronto-temporal dementia [FTD], dementia with lewy
bodies [DLB]) who underwent standard dementia screening at
the VU University Medical Center Amsterdam [22]. In total, 145
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PET scans from ADC passed quality control for quantification
(e.g., absence of significant lesions, brain parenchyma in field of
view, and available high quality T1-weighted MRI) and were
therefore included. Thus, a total of 497 ['*F]flutemetamol scans
were included in this study. Demographics are shown in Table 1.
The ALFA study and the PET sub-study (ALFA+) proto-
cols have been approved by an independent Ethics Committee
Parc de Salut Mar Barcelona and registered at Clinicaltrials.
gov (ALFA Identifier: NCT02485730; PET sub-study
Identifier: NCT02685969). Both studies have been conducted
in accordance with the directives of the Spanish Law 14/
2007, of 3rd of July, on Biomedical Research (Ley 14/ 2007
de Investigacion Biomédica). The medical ethics review com-
mittee of the VU University Medical Center approved the
Dutch Flutemetamol study (reference number: 2012/302).

Amyloid PET acquisition, processing, and
quantification

Scans from the ALFA+ (Siemens Biograph mCT scanner) and
ADC (Gemini TF-64PET/CT scanner) cohort consisted of
four frames (4 x 5 minutes) acquired 90-110 min post-
injection of ['*F]flutemetamol (ALFA+: 191 + 14 MBq;
ADC: 191+ 10 MBq). All scans were pre-processed using a
validated standard Centiloid pipeline and converted to the
Centiloid scale [6]. To match the intrinsic resolutions between
centers, we first smoothed the ALFA+ scans using an isotro-
pic 3D Gaussian Filter with a 4-mm full width at half maxi-
mum (FWHM) to match the resolution of the PET scans from
the joined cohort (see Sup. Figure 1 for example images be-
fore and after the resolution harmonization step). Subsequent
steps were equal for both cohorts and have been previously
reported [9]. Briefly, images were checked for motion and
inter-frame registration was performed when necessary.
Then, the four frames from the PET images were first aver-
aged and co-registered to the corresponding T1-weighted
scans. Then, the T1-weighted MRI scans were warped to stan-
dard space; the same warp was applied to warp the co-

registered PET image. These procedures were performed in
SPM12. Of note, different T1 protocols were used for each
site. Acquisition details can be found in the supplementary
material.

PET images were intensity normalized using the whole
cerebellum as the reference region using the mask provided
by the Centiloid method [6] (http://www.gaain.org/centiloid-
project). Cortical Centiloid values were calculated using the
standard target region and a previously calibrated conversion
equation [9]. Based on their respective Centiloid values, scans
were classified as amyloid negative (CL-: CL < 12), gray-zone
(CL-GZ: CL =12-30) or amyloid positive (CL+: CL>30)
[9]. In addition, regional standard uptake value ratios
(SUVr) were extracted using the Desikan Killiany atlas [24]
and converted to regional Centiloid units using the global
conversion equation [6]. Five regions-of-interest (ROIs) were
created to reflect the visual assessment guidelines: (1) frontal:
rostral and caudal anterior cingulate cortex, medial and lateral
orbitofrontal, superior frontal, frontal pole, rostral and caudal
middle frontal, pars orbitalis, pars triangularis, and pars
opercularis; (2) the precuneus (PC)/posterior cingulate cortex
(PCC): precuneus, posterior cingulate cortex, and isthmus cin-
gulate cortex; (3) lateral-parietal: superior parietal,
supramarginal, and inferior parietal; (4) lateral temporal:
transverse temporal, temporal pole and inferior, middle, and
superior temporal cortex; and finally (5) striatum: putamen
and caudate nucleus (Sup. Figure 2).

Visual assessment of PET scans

All 497 ["*F]flutemetamol scans were initially read by one
reader (Reader 1, LEC), who was blinded to clinical details
of the individuals, completed the training provided by GE
Healthcare [25], and has experience in assessing >1000 scans.
For the visual read, image maximum intensity was scaled to
90% of the pons signal using rainbow color scaling and trans-
verse, sagittal, and coronal views were displayed using the
software package Vinci 2.56 and assessed together with a

Table 1 Demographics of the

visual read cohorts Pooled ALFA+ ADC p value
(N =497) CU population Clinical Population
(N =352) (N =145)
Age (years) 61.7+4.9 61.5£4.6 62.2+5.6 ns.
Sex, Female (%) 281 (56.5%) 215 (61.1%) 66 (45.5%) <0.01
MMSE 272435 29.2+10 23.4+34 <0.01
APOE ¢4 carriership 280 (56.3%) 193 (54.8%) 87 (60.0%) ns.
Centiloid 18.7+38.8 29+172 56.8+48.9 <0.01
VR+ 141 (28.4%) 47 (13.4%) 94 (64.8%) <0.01

ALFA ALzheimer's and Families cohort, ADC Amsterdam Dementia Cohort, CU cognitively unimpaired, MMSE
Mini-Mental Estate examination, VR visual read
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T1-weighted MR scan to assist reading in the presence of
atrophy in the visual assessment. Images were rated according
to the read criteria as defined by the manufacturer, which
included the visual assessment of 5 regions; frontal cortex,
PC/PCC, lateral-parietal, lateral temporal, and striatum. In ad-
dition to regional reads, the final classification was also avail-
able, with images rated as either positive (VR+, unilateral
binding in one or more cortical brain region or striatum) or
negative (VR-, predominantly white matter uptake). Reader
confidence of the final read was captured on a 5 point scale (1
very low confidence-5 very high confidence).

Intra- and inter-reader agreement

Two additional readers (BvB and CB) were involved at a
secondary step, where scans were independently selected
(GS) to assess the intra- and inter-reader agreement, with an
emphasis on the images with emerging levels of amyloid from
the ALFA+ cohort. Scans were selected based on their initial
VR assessment by Reader 1 and their Centiloid quantification.
The selection criteria were (1) only one region assessed as
amyloid positive based on VR (N =19); (2) only the frontal
and PC/PCC ROI were assessed as VR+ (N =16); (3) VR
assessment with low confidence (i.e., <3, N = 8); (4) discor-
dant classification between VR and Centiloid (cut-off CL 12
[7, 9], N= 20); and (5) Centiloid values between 10 and 35
(N = 26). This resulted in the selection of 58 scans, as some
fell into more than one inclusion category. In addition, 21
clearly negative and 21 clearly positive scans were also in-
cluded to balance the sample, resulting in the final selection of
100 scans. Importantly, all readers (LEC, BvB, CB) were
blinded to these selection parameters as well as to the initial
(Reader 1) VR classification of the scans. BvB is a nuclear
physician with considerable experience in reading
["*F]flutemetamol scans and CB is a medical imaging expert
employed at GE Healthcare.

Post-mortem data-set

To further evaluate the utility of regional visual assessment of
["®F]flutemetamol scans, we selected a sub-set of the post-
mortem ['*F]flutemetamol phase III study cases and com-
pared the read of our three readers to the available neuropath-
ological scores [26]. GS randomly selected a sample of 30
subjects from the original study, prioritizing for presence of
MRI scans, shortest imaging-autopsy intervals, and interme-
diate levels of A{3 pathology as determined by CERAD. Also,
different combinations of regional A burden based on
CERAD were represented. After selection, 2 cases were ex-
cluded due to severe vascular burden/lesions and severe atro-
phy, resulting in a final data-set for analyses of 28 cases. The
readers were blinded to the selection. Demographics are
shown in Table 2.
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We evaluated the VR results against a previously
established neuropathological standard of truth (SOT) that
was better suited for comparison with a PET study than the
traditional CERAD-based classification. This modified
CERAD standard of truth (nCERADgqr) approach includes
the assessment of neuritic plaque density in 8 neocortical re-
gions (i.e., midfrontal lobe (MFL), middle and superior tem-
poral gyrus (MTG/STG), inferior parietal lobe (IPL), anterior
and posterior cingulate gyrus (ACG/PCG), precuneus (PRC),
and primary visual cortex) and provides a continuous measure
of pathology instead of a binary classification. Per region, a
score of 0 =none (no plaques), 1 =sparse (1-5 plaques), 2 =
moderate (6-19 plaques), or 3 =frequent (20+ plaques per
100x field of view [FoV]) was given. The scale midpoint of
1.5 represents the threshold between sparse and moderate cat-
egories. Thus, a mean score < 1.5 was considered normal,
while a mean score of >1.5 was considered abnormal for each
region. If any one of the 8 regions was considered abnormal,
i.e., any regional NCERADg 1 was >1.5, the whole brain was
considered abnormal or AP+. See Ikonovomic et al. (2016)
for a detailed description of the methodology [27].

Statistical analyses

Statistical Package for the Social Sciences (SPSS) version 26
was used for all statistical analyses, apart from the Kappa
statistics, which were computed using R version 3.6.0. For
the majority of cases (N =397), only the assessment of
Reader 1 was available for analysis. In cases where a majority
VR was available (N =100), this classification was used in-
stead for both the global and regional analyses. Baseline de-
mographics were described using simple descriptive statistical
analyses.

Global visual read and global Centiloid

The aim of our first set of analyses was to compare global VR
assessment to global Centiloid values. Kappa statistics were
used to determine the agreement between Centiloid-based clas-
sification (cut-offs CL 12 and 30) and VR-based classification.
In addition, the sensitivity, specificity, and Youden’s J index
(sensitivity+specificity-1) of VR compared to CL were report-
ed. Next, we aimed to derive the optimal Centiloid threshold
using VR as standard of truth in an receiver operating charac-
teristic (ROC) analyses, maximizing the Youden’s J Index.

Regional visual read and global and regional Centiloid

Our second group of main analyses aimed at comparing re-
gional VR assessment and global and regional Centiloid
values. First, differences in global CL quantification depend-
ing on the number of VR positive regions were assessed using
Kruskal-Wallis test. Then, we assessed the difference in
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Table 2 Demographics of the
post-mortem cohort

All Non-demented Demented p value
(N =28) (N=10) (N =18)
Age (years) 79.1+£9.3 75.2+9.7 81.28+8.5 .097
Sex, Female (%) 13 (46.4%) 3 (30%) 10 (55.6%) .184
Delay PET imaging (days) 72.5(111) 60.0 (311) 725 (104) n.s.
VR+ 15 (53.6%) 4 (40%) 11 (61.1%) ns.
Mean mCERADgq ¢ 1.08 (1.72) 0.09 (1.67) 1.15 (1.26) .064

Age is shown in mean+SD. PET delay and mCERADgq are shown in median (IQR). VR: visual read.
mCERADg,r modified CERAD standard of truth

regional quantification (Centiloid and SUVT) by regional VR
assessment using Wilcoxon test. Finally, the sensitivity and
specificity associated with a maximized Youden index of re-
gional VR compared to regional quantification were reported.

Patterns of regional visual read

Furthermore, as secondary analyses, we aimed to characterize
VR stages based on the observed patterns of regional visual
positivity. Chi-squared tests were used to assess the distribu-
tion of VR stages across CL groups and clinical diagnosis.

Intra- and inter-reader agreement

Finally, intra-reader agreement for Reader 1 and inter-reader
agreement among the three readers regarding the final classi-
fication (i.e., negative/positive) was determined using Kappa
statistics. Agreement was considered poor if £ was less than
0.20, satisfactory if x was 0.21-0.40, moderate if & was 0.41—
0.60, good if x was 0.61-0.80, and excellent if x was more
than 0.80. Reader agreement for regional visual read was
assessed via percentage agreement, as the imbalance in
negative/positive for certain regions affects the kappa statistic.

Visual read and neuropathological scores

First, we assessed the percentage agreement between global
VR classification and neuropathological classification of neu-
ritic plaque density (i.e., any region mCERADgor > 1.5),
reporting the number of true positives (TP), false positive
(FP), false negatives (FN), and true negatives (TN). Then,
we determined the percentage agreement between regional
VR and regional mMCERADgqr scores. Finally, we assessed
the difference in continuous regional mMCERADgot score by
regional VR assessment of negative/positive using a
Wilcoxon test. More specifically, VR assessment of the fron-
tal ROI was compared to neuropathological scores in the ACG
and MFL, VR of PC/PCC ROI to PCG and PRC, VR of
temporo-parietal to IPL, and VR of lateral temporal to MTG
and STG.

Results
Relationship between Centiloid and global visual read

CL values ranged from —27.57 to 171.11, with a mean value
0f 19.82 (SD = 38.62) across the pooled dataset. After apply-
ing the previously established CL cut-offs of 12 and 30, 335
(64.4%) scans were classified as CL-, 44 (8.9%) as CL-GZ,
and 118 (23.7%) as CL+. CL-GZ subjects were mostly cog-
nitively unimpaired (N= 33, 75%), APOE &4 carriers (N =31,
70.5%), and distributed across a broad age range (M =
62.26,SD =5.16, range = 49.6-70.6).

Across the pooled dataset, 141 (28.4%) scans were read as
amyloid PET positive. Of the ALFA+ cohort (cognitively unim-
paired population), 47 (13.4%) scans were read as amyloid pos-
itive, compared to 94 (64.8%) of the ADC cohort (cognitively
impaired population). Visually amyloid PET positive scans had a
significantly higher CL value than those visually negative (VR+:
My =72.41, SD¢yp =35.09; VR-: My, =—1.00, SD¢; = 8.06,
F=1378.18, 17 =0.74, p <0.01). In addition, within the VR+
group, quantitative amyloid burden was significantly different
between the two cohorts (ALFA+: My =39.87, SD¢, =17.77;
ADC: Mg =88.67, SD¢z. =2991, F =106.15, 712 =043, p <
0.01). In relation to CL groups, scans were read as positive in
0.3%/50.0%/100% of CL-/CL-GZ/CL+ cases, respectively.

Visual read performance compared to Centiloid

First, we investigated the agreement between VR-based clas-
sification and Centiloid-based classification of amyloid posi-
tivity using the previously proposed CL cut-offs of 12 and 30.
VR showed excellent agreement against both the lower bound
(CL=12, k =.89, 95.2% [473/497]) and upper bound (CL =
30, k = .88, 95.4% [474/497]) of the gray-zone cut-off, with a
sensitivity/specificity 0f85.9%/99.7% (PPV = 99.2%; NPV =
93.5%) and 100%/93.9% (PPV =83.7%; NPV =100%),
respectively.

Subsequently, we performed a ROC analysis with VR as
the reference standard to assess whether the optimal CL cut-
offin this independent dataset would fall within the previously
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reported 12-30 range. The overall agreement between VR and
CL values was excellent (area under the curve [AUC] =0.998;
95% CI: 0.996-1.0). A cut-off value of CL =17, maximized
the Youden’s Index (J=0.956) and was associated with both
very high sensitivity (97.9%) and specificity (97.8%)
(Fig. la). See Sup. Table 1 for ROC results for all coordination
points between 85% and 100% specificity. In addition, the
sensitivity, specificity, and Youden Index as a function of
CL can be found in Sup. Figure 3.

Finally, mean CL values showed a clear increase per addi-
tional positive VR region (y° =303.71, df=5, p <.001, Fig.
1b). Post hoc analyses revealed a statically significant differ-
ence in CL values between all consecutive groups based on
number of regions read as positive and differences at trend
level between 3 and 4 regions visually positive.

Regional visual read and regional Centiloid

The PC/PCC and frontal regions were read positive most often
(26.4% and 26.0%), followed by lateral temporal (20.3%),
temporo-parietal (18.3%), and striatal region (17.9%).
Isolated regional VR+ (one region only) occurred in only 20
subjects (4.0%). where the positive region was frontal in 9
subjects (1.8%) and PC/PCC in 11 subjects (2.2%). Out of
136 subjects that were PC/PCC VR+, 90.8% of them also
were frontal VR+. Striatal VR+ always occurred with con-
comitant frontal VR+ (100%), while only .1% of striatal
VR+ cases were not PC/PCC VR+, and around 15% of striatal

a
200 30f = ”
25 ; 2
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Fig. 1 Visual read against global Centiloid. a Plots shows all 497 subjects
ordered by global amyloid burden expressed in Centiloid units. The green
line illustrates the CL = 12 cut-off as proposed by La Joie and colleagues
(2019) based on post-mortem comparison and by Salvadé and colleagues
(2019) based on CSF AB,,. The red line illustrates the CL =30 cut-off as
previously proposed by Salvado and colleagues compared to CSF p-tau/
AP, which was suggested to indicate the presence of established
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VR+ cases were not temporo-parietal or lateral temporal VR+
(Sup. Table 2).

Figure 2 shows for each VR ROI the regional amyloid bur-
den quantified in both SUVr and CL units and stratified by VR
status. For all regions, VR+ corresponded to significantly
higher regional CL values (Frontal: W =461; PC/PCC: W =
78; Parietal: W =449; Temporal: W =208; Striatum W =791,
p <0.001, Sup. Table 3) and was accompanied with high sen-
sitivity and specificity for all ROIs (frontal: sensitivity = 94.7%,
specificity = 97.8%; PC/PCC: sensitivity = 100%, specificity =
96.2%; temporo-parietal: sensitivity = 96.8%, specificity =
95.5%; lateral temporal: sensitivity = 98.1%, specificity =
97.5%; striatum: sensitivity = 97.8%, specificity = 92.1%).

Pattems of regional visual read

Figure 3 shows the distribution of regional VR+, stratified per
cohort. The distribution of subjects across the patterns sug-
gests a general order of regions becoming visually amyloid
positive; in case of one positive VR region, only the PC/PCC
or frontal ROI was assessed as such (VR stage 1), most often
(75%) followed by a combination of these regions being read
as positive (VR stage 2). Then, further cortical and/or striatal
visual positivity becomes apparent (VR stage 3). In the ALFA
cohort, generally positivity beyond the PC/PCC and frontal
ROIs was initially observed in the lateral temporal region,
followed by the temporo-parietal regions, and finally the stri-
atum. Early striatal involvement was more often reported in
the cognitively impaired cohort. This could be the result of

b
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S 100 :
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O 50 von % % o S
° ° o *
= =% .
0 .
-50
0 1 2 3 4 5
Number of regions visually positive
N 356 20 1 15 21 74
Centiloid -1.0£8.1 21658 37.5+11.9 56.5:20.09 77.4+27.8 93.1x258

pathology. Finally, the orange line represents the optimal CL=17 cut-
off according the data-driven ROC analyses of this dataset using the
Youden Index. b Centiloid values significantly increase per additional
visually positive region. Post hoc analyses showed significant
differences between all groups. p <0.1; *p <0.05; *p <0.01; **¥p <
0.001
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Fig. 2 Regional visual read against regional quantification. Boxplots
represent the regional visual assessment against regional amyloid
burden, with quantification expressed in both Centiloid (y-axis left) and

partial volume effects (i.e., atrophy) on the more lateral corti-
cal regions, which is known to have a lesser effect on the
striatal region.

Mean CL values were significantly different between all
VR stages (H =302.55, p <.001), and the ROC analyses re-

vealed the optimal CL cut-offs were CL= 16 (VR- vs. VR+
= ALFA+ = ADC
1 region VR+ 2 regions VR+ 4 regions VR+ 5 regions VR+
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Regional visual positivity
Fig. 3 Pattems of visually positive regions. Bar graph represents number
of subjects in each visual read group. In total, 10 combinations of regional
amyloid positivity were observed. Blue represents the ALFA+
cognitively unimpaired subjects and red represents the ADC clinical
cohort. PC/PCC: precuneus/posterior cingulate cortex; VR: visual read

Negative Positive

SUVR (y-axis right) units. PC/PCC: precuneus/posterior cingulate
cortex; SUVR: standardized uptake value ratio; VR: visual read

stage >1), CL=22 (VR stage 0/1 vs. VR+ stage >2), and
CL =35 (VR stage 0/1/2 vs. VR+ stage 3), with good to ex-
cellent sensitivity/specificity (Table 3). Also, VR stages were
associated with CL groups of low, gray-zone, and high amy-
loid burden (X2 =577.16, p < 0.01) and with clinical diagnosis
( Xz =343.92, p <0.01), which was made pre-disclosure of
PET results. More details can be found in supplementary re-
sults and Sup. Figure 4. Figure 4 shows example images fol-
lowing this general pattern of visual amyloid positivity and
their accompanying CL values.

Intra- and inter-reader agreement

Based on the 100 pre-selected scans focused on the most
difficult/borderline cases, intra-reader agreement of Reader 1
(LEC) was considered to be good (x = .71). The overall agree-
ment between the 3 readers was also good (x =.75, 84%). The
highest agreement was seen between Reader 1 and Reader 2
(k =.78) and the lowest between Reader 2 and Reader 3
(k=.72). Supplementary Table 5 shows all 100 cases ordered
by CL burden and their final VR classification per reader. It
shows that scans with a CL ~20 or higher burden are gener-
ally classified as VR+ across all readers. In addition, 4/9 of
scans with a CL 17-20 were also classified as VR+ by at least
2 out of 3 readers. Importantly, reader agreement was high and
comparable across all ROIs: frontal 74%, PC/PCC 84%,
temporo-parietal 80%, lateral temporal 79%, and striatum
73%.
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Table 3 VR stages

VR negative

VR+ stage 1 VR+ stage 2 VR+ stage 3

Number of subjects 356 20 9 110
Centiloid ~1.0+8.1 21.6+5.8 354+122 85.1+28.3
CL cut-off* n/a 16 23 35
Sensitivity* nfa 97.8% 96.7% 97.3%
Specificity* n/a 96.3% 97.8% 99.2%
Youden Index* n/a 0.941 0943 0.965
AUC* n/a 995 992 996
(.992-.999) (.992-1.00) (.992-1.00)

*Compared to lower stage(s)

Regional visual read and regional neuropathological
scores

Compared to mCERADgr-based classification (i.e., any re-
gion mCERADgr > 1.5) of neuritic plaque density, VR clas-
sification was in agreement in 89.3% [25/28] of cases, with 13
TN, 12 TP, and 3 FP. Interestingly, all FP cases had a mean
mCERADgqr above 1 and at least one region with a regional
mean mCERADgor of >1.3, indicating the presence of re-
gional sparse-to-moderate neuritic amyloid plaques. In turn,
only I TN cases had a similar pattern of neuropathological
burden. In addition, these FP cases were reported to have a
moderate to high burden of diffuse A plaques, reflected in
their Thal stage (i.e., 3-5). See Fig. 5 fora detailed description
of these cases.

Compared to regional mCERADgo-based classification
(i.e., regional MCERADgqr > 1.5), regional VR was in agree-
ment in 75-89.3% of cases. Lower agreement was observed
for the frontal and PC/PCC ROIs, as relatively more cases

Frontal
PC/PCC

Lat.Temporal
Parietal

Striatum
Centiloid

(11-14% vs. 0-7%) were classified as VR+ and did not have
a mCERADgqr > 1.5, but rather a mCERADgq between 1
and 1.5 (Sup. Table 6).

Finally, both global and regional VR positivity were asso-
ciated with significantly higher mean and regional neuropath-
ological burden as measured with the mCERADgq (Global:
mean mCERADgor W =4; Frontal: MFL W =13.5, ACG
W =21.5; PC/PCC: PCG W =15.0, PRC W = 13.0; Parietal:
IPL W =12.0; Temporal: STG W=19.5, MTG W =16.0, all
p <0.001; Fig. 6, Sup. Table 6).

Discussion

In the current study, we investigated the agreement between
visual reads (VR) and Centiloid-based detection of early and
established amyloid pathology and the utility of regional pat-
terns of VR positivity for capturing the extent of amyloid
burden beyond standard dichotomization. We found that

VR+ Stage 1 |

=

Fig. 4 Example ['®F]flutemetamol images. A series of 10
["*F]flutemetamol scans form the ALFA+ cohort ordered based on
Centiloid values are shown. Upper panel illustrates which regions were
visually assessed as positive. From top to bottom, axial, coronal, and
sagittal images are provided. White arows highlight specific regional
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amyloid uptake. Note, that the main differences between VR- (left
panel) and early amyloid accumulation (second to fourth panel) can be
observed basal frontally on the axial image and in the orbitofrontal and
precuneal regions on the sagittal images. PC/PCC: precuneus/posterior
cingulate cortex; VR: visual read
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Visual Read + mCERADsor Visual Read + mCERADsor Visual Read + mCERADsor
Frontal MFL:0.7 PCG: 1.1 MFL: 1.4
ACG1.1 RUECs PRC: 1.4 Rfom} ACG:1.2
PCG: 09 . )
R PRC: 1.0 Lateral Temporal ':Ig ?? PC/PCC :gg (1)2
Parietal IPC:1.4 B O
Thal phase: 5 Thal phase: 3 Thal phase: 3

Final diagnosis: LBD

Fig. 5 Visual read false positive cases. PC/PCC: precuneus/posterior
cingulate cortex; MFL: midfrontal lobe; ACG: anterior cingulate gyrus:
PCG: posterior cingulate gyrus; PRC: precuneus; IPC: inferior parietal

VR-based classification performed by experienced readers is
in high agreement with previously proposed quantitative
Centiloid (CL) cut-offs of both early and established patholo-
gy. When using VR as the reference standard, we identified an
optimal cut-off (CL = 17) well within the previously proposed
gray-zone band of emerging amyloid pathology (CL = 12—
30). In addition, there was a clear proportional relationship
between the number of visually positive regions and increases
in continuous CL burden, supporting the value of regional
information in capturing the degree of amyloid burden.
Furthermore, we observed that regional CLs were significant-
ly higher in those regions assessed as positive by VR. The

Final diagnosis: AD

Final diagnosis: LBD

cortex; STG: superior temporal gyrus; MTG: middle temporal gyrus;
LBD: lewy body dementia; AD: Alzheimer’s dementia

validity of this work is supported by our analyses in the
post-mortem data-set, which showed a high agreement be-
tween VR-based and neuropathological-based classification
ofamyloid positivity, at both global and regional level. In fact,
these results suggest that VR could capture the presence of
sparse-to-moderate neuritic plaques and substantial diffuse
A plaques.

In recent years, great emphasis has been put on improving the
early identification of amyloid pathology. In a clinical trial set-
ting, amyloid PET is increasingly used as subject selection tool
and criteria are often based on visual assessment in accordance
with the product label [28]. As drug interventions move towards

Global Frontal Parietal
Global Midfrontal Anterior cingulate gyrus Inferior parietal lobe
3 3 3 3 —_—
8 g g L 3 o
g2 =2 <2 52 . &5
—e 8 o
o g : e —
E, s § 1 1 R
c w w L A A
3 B} ] g u 5]
£ - E . 2 E E Lo
o o0
0 s 0| %o [0 0| o
Negative Positive Negative Positive Negative Positive Negative Positive
VR VR VR VR
PC/PCC Temporal
Posterior cingulate gyrus Precuneus Superior temporal gyrus Middle temporal gyrus
3| 3 3 3 S
o
] %} © e ©
=
©, E, %, L i : £
DP g —e a ¢ 5
- 2l s L m g
i S o il " il | e e 5
o S o o 3 . Qo
gl o I Ty W y
0| - 0 ot 0| 2
Negative _ Positive Negative Positive Negative _ Positive Negative _ Positive
VR VR VR VR

Fig. 6 Visual read against neuropathological burden measured with
mCERADgqr. Boxplots represent the regional visual assessment (x-
axis) against regional amyloid neuropathological burden (y-axis).
Dotted line represents the cut-off for sparse-to-moderate (NCERADg o1
= 1) and the full line the cut-off for moderate-to-frequent neuritic plaques

(mCERADgor > 1.5). MFL: midfrontal lobe; ACG: anterior cingulate
gyrus; PCG: posterior cingulate gyrus; PRC: precuneus; IPC: inferior
parietal cortex; STG: superior temporal gyrus; MTG: middle temporal
gyrus; mMCERADgq 1z modfied CERAD standard of truth; VR: visual read
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secondary prevention and preclinical populations [17, 29], ensur-
ing the early detection of brain amyloid by means of VR could
become crucial. In tumn, identification of early pathology might
also be of value for clinical use, considering the current interest in
preclinical AD pathology in the memory clinic setting [22, 30].
Previous work in the clinical setting using VR as the reference to
determine CL cut-offs have reported a broad range of relatively
high thresholds (24-42 CL) [7, 8, 10, 11, 31], while a quantita-
tive burden of CL > 21 has already been found to correspond to
established pathology [7, 8] based on post-mortem samples.
While this contrast may suggest a suboptimal VR sensitivity,
the limited number of cases with emerging amyloid pathology
in those studies may have limited the assessment of the true
sensitivity of VR. In this work, >70% of the clinical dataset were
cognitively unimpaired subjects, who are more likely to show
subtle amyloid pathology, and indeed 44 subjects showed tracer
uptake values within the gray-zone of amyloid burden.
Therefore, this study was uniquely enriched with subjects around
the expected threshold band, resulting in an observed VR-based
CL cut-off of 17, with excellent sensitivity and specificity.
Importantly, previous work from Su and colleagues (2018)
showed that the CL quantification and consequently cut-offs vary
based on local processing pipelines. They demonstrated that for a
given criterion (i.e., 95% specificity), the resulting CL cut-offs
ranged between 6 and 12, illustrating the value of a confidence
interval in cut-ofl’ determinations [32]. Therefore, even though
the optimal cut-off is calculated to be 17 in the current work, a
range between 14 and 20 CL could be expected depending on the
particular pipeline implementation. Nonetheless, our ROC anal-
ysis showed that this range of CL cut-off§ is accompanied by a
high Youden’s Index (i.e., >0.9) (Sup. Table 1 and Sup.
Figure 3), suggesting that such deviations in cut-offs may not
significantly affect classification performance.

In addition to enriching the dataset, another unique charac-
teristic of the study is the experience of the readers, who were
familiar with research scans showing early amyloid deposi-
tion. Therefore, these readers may have been more confident
than others when reading a scan with focal deposition as am-
yloid-positive, also contributing to a lower CL cut-off than
previously reported from routine clinical cohorts. Indeed, both
the intra- and inter-reader agreement were relatively high
compared to previous work in a similar population [13, 33],
further illustrating the experience of the readers. The inter-
reader agreement analyses also showed that most of the scans
with a quantitative burden above 17 CL were assessed as
positive by at least 2 out of 3 readers. In addition, all readers
consistently assigned visual positivity to scans with a quanti-
tative burden of >20 CL, which is similar to previous work
using one experienced reader [8]. Importantly, the regional
read agreement was highly similar to the global classification
agreement, supporting its utility for routine use.

The most commonly reported visually positive regions in
this study, either isolated or in combination with other regions,
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were the precuneus and the (medial orbito) frontal cortex,
including the anterior cingulate. As illustrated in Fig. 4, the
sagittal plane seems to be optimal for visually detecting
emerging amyloid pathology, as both these regions can be
casily assessed using this orientation. While the VR
["*F]flutemetamol guidelines for the PC/PCC ROI already
state the sagittal plane as the primary orientation for assess-
ment, it is considered as supportive for the frontal ROI, where
the primary orientation is the axial view. Although the axial
view is an appropriate orientation to assess basal frontal up-
take (example case Fig. 4 2nd panel), the sagittal view allows
for the specific assessment of the medial orbitofrontal cortex
(example case Fig. 4 3rd panel). The importance of these two
regions is further supported by several articles in the field of
amyloid staging, where PET-based regional quantitative bur-
den has been used to identify a general order of regional in-
volvement [16, 34]. Also, a recent review points to the impor-
tance of medial cortical regions in optimizing amyloid PET
sensitivity [19]. It is important to realize that the sensitivity of
medial regions is partly influenced by signal properties of PET
imaging: due to their proximity to white matter and the addi-
tional gray matter signal spill-in from the contralateral hemi-
sphere, medial regions are more frequently classified as posi-
tive in PET imaging compared to lateral counterparts, while
levels of pathology are comparable [15]. This could explain
why the overall quantitative burden as measured in CL units
could already be relatively high, while visually the scan dis-
plays only focal deposition (example case Fig. 4, 4th panel).
Therefore, this isolated or early amyloid deposition which is
most often visually observed in medial cortical regions could
already reflect more extensive but undetected pathological
burden throughout the brain. Indeed, our post-mortem results
seem to support this hypothesis, as while VR positivity in,
e.g., the PC/PCC ROI corresponds to neuropathological
scores indicative of sparse-to-moderate neuritic plaques, VR
positivity in the lateral regions is associated with higher path-
ological burden. Considering that readers are now confronted
with research scans more often, this knowledge can be useful
to guide their assessment of early accumulation.

Beyond traditional dichotomized classification of amyloid
negative/positive, reporting the number of VR+ regions to
stage the severity of amyloid burden could be of value. We
showed that the extent of amyloid burden in terms of number
of visually positive regions and the derived VR stages related
in a proportional manner to increasing CL values. More spe-
cifically, while 1 or 2 (VR+ Stages 1 and 2) visually positive
regions are in line with previously proposed CL threshold of
either emerging (~12 CL) or more established (~30 CL) am-
yloid pathology [7-9], 3 or more visually positive regions
(VR+ Stage 3) are in line with CL values suggested to reflect
clinical meaningful amyloid pathology (Table 2). For exam-
ple, in addition to a cut-off of 26 CL for predicting clinical
progression, Hanseeuw and colleagues [12] showed that in
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non-demented memory clinic patients, a cut-off of 42 CL was
optimal in predicting progression to dementia over a period of
6 years. This last cut-off corresponds well to the observed CL
burden associated with 3 visually positive regions in this
work. In addition, Amadoru and colleagues [8] concluded that
a CL burden of >50 best confirmed a clinicopathological di-
agnosis of AD and the mean quantitative burden of patients
with AD dementia can vary from 84 CL [35] to 100 CL [6].
These values are in agreement with what we observed in scans
with 4 or 5 visually positive regions. Together, these corre-
spondences indicate the extent of amyloid burden can be vi-
sually assessed and future work should determine whether it
conveys prognostic information. Longitudinal data collection
is necessary to determine whether regional VR has similar
prognostic value as compared to quantification. Currently,
the 4-year follow-up including both amyloid PET acquisition
and cognitive measures of the ALFA+ cohort is being collect-
ed in collaboration with the AMYPAD Consortium [17],
which will enable analyses to assess the value of regional
VR in a longitudinal setting.

This work shows that VR is both sensitive enough to cap-
ture early pathology for clinical trials aimed at secondary pre-
vention, and useful for staging a subject according to their
regional amyloid burden. However, several aspects are impor-
tant in order to perform the regional visual assessment in an
accurate manner. The following observations can be consid-
ered when performing visual assessment of [ **F]flutemetamol
PET images:

1. Especially in the research context, readers could benefit
from focusing on the medial regions, using the sagittal
view as the primary orientation for visual assessment of
early amyloid pathology. Of note, a proper alignment of
the images is key to ensure accurate assessment of the
gray rather than the white matter signal. A suitable pivot
point for all rotations is the inferior tip of the posterior
corpus callosum at the junction of the hemispheres.

2. In future clinical routine, documenting the extent of amy-
loid burden could be a valuable asset in addition to the
final read classification of amyloid negative/positive.

Of note, the generalizability of these results remains to be
investigated in light of differences between tracers with re-
spect to reading “signs,” use of different color scales [36],
and possibly distinct influence of WM uptake in the distortion
of the PET signal in medial regions [15].

Some limitations of this work should be considered. First,
the mean age of our clinical cohort (ADC) is relatively low.
This is due to the fact that the Alzheimer Center Amsterdam is
a specialized tertiary referral center, which assesses a more
atypical and generally younger patients [22]. Second, it should
be noted that the clinical diagnosis in this cohort was made
pre-PET disclosure; thus, any discrepancies between

diagnosis and the presence of amyloid pahtology could also
reflect misdiagnosis. Also, the extent of amyloid burden
should be considered in combination with clinical disease se-
verity, as the presence of early amyloid pathology in patients
with dementia might reflect co-pathology rather than dementia
due to AD. This will be investigated within in AMYPAD
consortium, where regional VR is captured for all patients
participating in the Diagnostic and Patient Management
Study (DPMS) [30]. Third, T1 sequences for this cohort orig-
inate from multiple scanners as part of the clinical routine,
which could have introduced noise to the quantitation.
However, recent work has shown that the amount of variance
introduced by this methodological aspect is within the physi-
ological scan-rescan range and lower than the within-ROI
variability, suggesting a minor impact on amyloid PET studies
[37]. Fourth, the majority of visual assessments in the clinical
cohort was performed by one reader, while a majority visual
read was available for those cases displaying emerging or
focal amyloid deposition. Nonetheless, since scans with a sin-
gle read represented more the extremes of the quantitative
spectrum, it is likely that these cases were mostly clearly neg-
ative or positive and therefore we could assume that an addi-
tional read would not have significantly affected the results.
Finally, the post-mortem data-set used in this work was only a
subset of the previously reported ['*F]flutemetamol Phase I1I
trial. However, by prioritizing the inclusion of cases with non-
extreme CERAD neuritic plaque scores, we believe to have
demonstrated with sufficient information the validity of a re-
gional visual read and its ability to capture early pathology.

Conclusion

Visual assessment of amyloid PET scan is capable of detect-
ing early amyloid pathology and regional visual positivity
captures its extent. More specifically, we have shown that
the threshold for visual read is 17 CL, with a sensitivity and
specificity of ~98% and corresponds to neuropathological
scores indicative of sparse-to-moderate neuritic plaques in
specific brain regions. These two aspects could be highly
valuable in both a research/clinical trial and future clinical
routine setting. Further work should investigate the prognostic
value of regional VR compared to quantitation and the com-
parability between amyloid radiotracers.
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ABSTRACT

Cerebral beta-amyloid (AB) accumulation is the earliest detectable
pathophysiological event along the Alzheimer's disease (AD) continuum,
therefore an accurate quantification of incipient AB abnormality is of great
importance to identify preclinical AD. Both cerebrospinal fluid (CSF) AR
concentrations and Position Emission Tomography (PET) with specific tracers
provide established biomarkers of A pathology. Yet, they identify two different
biological processes reflecting the clearance rate of soluble A3 as opposed to the
cerebral aggregation of insoluble AR fibrils. Studies have demonstrated high
agreement between CSF and PET-based AR 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 AB cerebral aggregation for a given level of cleared
AB in the CSF. Unveiling such interactions in cognitively unimpaired (CU)
individuals shall provide novel insights into the biological pathways underlying Ap
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-¢4 and sex) on the association between soluble and
deposited AR in a sample of 293 middle-aged CU individuals who underwent both
lumbar puncture and PET imaging using the ['®F]flutemetamol tracer. We looked
for interactions between CSF AB42/40 concentrations and each of the assessed
risk factors, in promoting AR PET uptake both in candidate regions of interest and
in the whole brain. We found that, for any given level of CSF AB42/40, older age
and female sex induced higher fibrillary plague deposition in neocortical areas
including the anterior, middle and posterior cingulate cortex. By contrast, the
modulatory role of APOE-¢4 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
AB deposition as a function of CSF AB42/40 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-€4 in particular paves the
way for subsequent tau spreading in the medial temporal lobe, thus favouring a
spatial co-localization between AB 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- (AB) 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, AB 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) AB concentrations and Position Emission
Tomography (PET) with specific tracers provide established biomarkers of
AB pathology. Several previous studies have shown good concordance
between these two surrogate markers of AB 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 AR and AB 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 A, with CSF
AB concentrations reflecting the production and clearance rates of soluble
AB 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 AR deposition observed in AD
might stem from a dysregulation between the production and clearance of
AB species, and that A plaques may act as a “sink”, hindering the transport
of soluble AB 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 AR may help identifying the
underlying mechanisms promoting cerebral Af aggregation for a given level
of CSF AR dysmetabolism. With this in mind, we investigated the impact of
unmodifiable risk factors known to increase Alzheimer's dementia
prevalence, such as APOE-¢4 genotype (Liu et al., 2013), older age
(Launer, 2005) and female sex (Ferretti et al., 2018) on the relationship
between CSF and AB PET markers. We hypothesized that distinct risk
factors may exacerbate cerebral AR accumulation (assessed by Ap PET)
as a function of incipient AB dysmetabolism (assessed by CSF Ap42/40
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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, AB 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 AR CSF, ['8F]florbetapir AR 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
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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-¢€2, €3 and €4 alleles. For both cohorts, subjects
were classified as ¢4 carriers (one or two alleles) or non-carriers. Twenty-
seven participants in the ALFA cohort being homozygotes for the ¢4 allele
were excluded from the present study as they were significantly younger
than both non-carriers (p<0.001) and APOE-¢4 heterozygotes (p<0.001),
leading to potential inhomogeneity in the association between CSF and A
PET measurements (Rodrigue et al., 2012).
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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, Nimbrecht,
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, NUmbrecht, 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. AB40 as well as AR42
concentrations were determined with the NeuroToolKit (Roche Diagnostics
International Ltd.) on cobas Elecsys €601 (AB42) and e411 (AB40)
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). AB40 and AB42 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 AB42 and AB40 was finally calculated (Lewczuk et al.,
2017).

PET imaging acquisition procedures

Imaging procedures from ALFA have been described previously (Salvad6
et al., 2019). In brief, AR PET images were acquired 90 min post-injection
using ['8F]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 mm?3, flip angle = 8°, repetition time = 9.9 ms, echo
time = 4.6 ms, Tl = 900 ms.

Details of ADNI imaging procedures can also been found in the website
(http://adni.loni.usc.edu/methods/documents). In brief, ['8F]florbetapir AR
PET images were acquired in four frames of five minutes each, 50-70
minutes post-injection. Finally, structural MRI data were acquired on 3T
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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 AB-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 Ap-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 ROIls
(Braak & Braak, 1991) defined according to the Desikan-Killiany atlas (DK
atlas) in Scholl 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.
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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 ROls. 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 AB42/40 concentrations and
each of the three assessed AD risk factors (i.e., age, sex and APOE-¢4), in
promoting cerebral AR deposition in regions that are selectively vulnerable
to either AR (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 ROl and whole-
brain analyses, we set-up three different general linear models where AR
PET was set as dependent variable, while CSF Ap42/40, age, sex and
APOE-¢4 status were modelled as predictors. Additionally, the interaction
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term involving CSF AB42/40 and any of the three AD risk factors was
modelled as independent variable, as follows:

AB PET = CSF AB + age + sex + APOE-¢4 + CSF AB * APOE-¢4
AB PET = CSF AB + age + sex + APOE-¢4 + CSF AB * age

AB PET = CSF AB + age + sex + APOE-¢4 + CSF AR * sex

To avoid muticollinearity, continuous CSF AB42/40 values were centered to
the group mean (Mumford et al.,, 2015). APOE-¢4 was treated as
categorical binary variable (i.e., 0=non-carriers, 1=¢4-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 AB42/40 concentrations.

Finally, to assess the combined effects of AD risk factors, we performed
additional analyses testing three-way interactions involving CSF AB42/40
and each pair of the tested risk factors. To this aim, we set up three different
statistical models where the effects of CSF AB42/40 on AR PET were
studied in combination with either APOE-¢4 and age, APOE-¢4 and sex, or
age and sex.

AB PET = CSF AB + age + sex + APOE-¢4 + CSF AB * APOE-¢4 * age
AB PET = CSF AB + age + sex + APOE-¢4 + CSF AB * APOE-¢4 * sex

AB PET = CSF AB + age + sex + APOE-¢4 + CSF AB * age * 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-¢4 carriers. However,
the two samples were homogeneous with respect to sex and global
cognitive performance. As expected, in both cohorts CSF AB42/40
concentrations were negatively related to AR PET uptake in widespread
cortical areas, while age and APOE-¢4 were positively associated to cortical
AB 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-£4, 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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ROl analyses

We assessed whether AD risk factors such as age, APOE-¢4 and female sex
modulated the association between soluble and deposited AB in cerebral
regions known for their vulnerability to either AR or tau pathology. Table 2
shows the results of each statistical model run for the different risk factors in
each of the tested ROls; 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 AB42/40 and sex did not survive statistical correction.
In Braak l/ll ROls, only the 2-Way and 3-Way interactions involving APOE-¢4
were significant in ALFA but not the remaining models, while in ADNI no
significant interactions were found. In Braak Ill/IV ROls, we observed similar
results as for the Centiloid RO, that is, all interaction models being significant
in ALFA with two interactions not reaching statistical significance in ADNI,
those between CSF AB42/40 and sex as well as CSF AB42/40 and APOE-¢4.
Finally, in Braak V/VI, ALFA participants displayed all significant interactions
except a statistical trend for CSF Ap42/40 x APOE-¢4, 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 AB in
those ROls, 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 AR on the whole brain level by conducting voxel-wise
regressions. In the ALFA cohort, we found that, for any given value of CSF
AB42/40, APOE-¢4 carriers displayed a higher AR 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 AB42/40
and APOE-¢4 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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ALFA

ADNI

Fig. 2 APOE-¢4, age and sex modified the association between CSF AB42/40 concentrations and
AB 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
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Fig. 3 APOE-£4 significantly modified the spatial topography of A PET as function of CSF
AB42/40. A-B) Surface and volume rendering in ALFA participants of the AB PET statistical t-map
resulting from the interaction model. Data indicate that compared to non-carriers, APOE-¢4 carriers
displayed higher SUVRSs, for any given level of CSF AB42/40, in medial temporal regions including
entorhinal cortex and hippocampus. C) Group scatterplots in ALFA participants showing the
significant interaction between APOE-¢4 and CSF AB42/40 in driving AR PET SUVRs in the right and
left hippocampus. D-E) Surface and volume rendering in ADNI participants, of AR PET statistical t-
map indicating that compared to non-carriers, APOE-¢4 carriers displayed higher SUVRs, for any
given level of CSF AB42/40, in right inferior and middle temporal as well as right insula. F) Group
scatterplots in ADNI participants showing the significant interaction between APOE-¢4 and CSF
AB42/40 in driving AB PET SUVRs in the right inferior and middle temporal gyrus.

Next, we found that age modulated the association between CSF AB42/40
concentration and cortical AR 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 5¢-5d.
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Fig. 4 Age significantly modified the association between of CSF AB42/40 and AB PET. A-B)
In ALFA participants, older individuals displayed, for any given level of CSF AB42/40 concentration,
a higher AB PET retention in distributed cerebral areas including inferior and superior temporal cortex
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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.

Right cuneus Left MCC Left MTG
Superior i
H
o7
H
< H
I._‘L g 0.504
< £
£025
£
3
SUVR (tvalue) R ooo| - L ooo| *
0025 005 0.075 01 0.125 0026 005 0075 0.1 0.125 0025 005 0.075 01 0.125
0 5 CSF A42/40 (pgimi) CSF A42/40 (pg/mi) CSF Ap42140 (pgimi)
— Females = Males
Right cuneus.
Superior 5 100 .
2 .-
Fos .
= £ 5,
E 2050 . .
H A
< £ os| B
SUVR (t-value) 0.00 . -
o o0 010 015 020 025 010 015 020 025 010 015 020 025
0 5 CSF AB42/40 (pgimi) CSF Ap42/40 (pg/mi) CSF AB42/40 (pgimi)

— Females = Males

Fig. 5 Sex significantly modified the association between CSF AB42/40 and A PET. A-B) In
ALFA participants, sex significantly modulated the association between CSF AB42/40 and AR 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-
&4, age and sex

In the ALFA cohort, we observed a significant three-way interaction
involving CSF AB42/40, APOE-¢4, and age in lateral temporal regions,
temporo-parietal junction, and PCC, indicating that the detrimental effects
of APOE-¢4 in driving a higher AR PET uptake as function of CSF AB42/40
concentrations, were stronger in older compared to younger individuals
(Fig. 6a-6b). Similar patterns were significant in ADNI (Fig. 6¢-6d). Next, we
found a three-way interaction involving CSF AB42/40, age and sex,
indicating that the modulatory role of age in prompting a higher AR PET
uptake as function of CSF AB42/40 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 ApR42/40,
APOE-¢4, and sex, indicating that the exacerbating effects of APOE-¢4
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 AB42/40, APOE-¢4 and age on A PET uptake in the ALFA
cohort. YNC=young non-carriers; YC=young e4-carriers; ONC=older non-carriers; rMTG=right
middle temporal gyrus; IAG=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; IOFC=orbitofrontal cortex. In B) and D),
bars in the plot encode the interaction between one categorical (APOE-£4) and two continuous (CSF
AB42/40, age) variables. E-F) Surface rendering and bar plots indicating three-way interactions
involving CSF AB42/40, age and sex on AR 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; IIPC=left
inferior parietal cortex; rMOG=right medial orbital gyrus; rPCC=right posterior cingulate cortex;
IIFG=left inferior frontal gyrus; G-H) Same as in E-F, in the ADNI cohort. rCUN=right cuneus;
IOFC=left orbitofrontal cortex; rCAL=right calcarine; IIFG=left inferior frontal gyrus; IMTG=left middle
temporal gyrus. In F) and H), bars in the plot encode the interaction between one categorical (sex)
and two continuous (CSF AB42/40, age) variables.
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Fig. 7 Three-way interactions in the ALFA cohort. A-B) Surface rendering and bar plots indicating
three-way interactions involving CSF AB42/40, age and sex on AB PET uptake in the ALFA cohort.
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DISCUSSION

The present work aimed to determine whether in CU individuals,
unmodifiable AD risk factors modulate the association between soluble and
deposited AB 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-¢4, older
age and female sex, all interacted with CSF AB42/40 concentrations,
resulting in a higher fibrillary plaque deposition for any given level of CSF
Ap42/40, 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 AB 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 AR in CU individuals
provide novel insights into the biological pathways underlying AB
aggregation in the brain.

First, we observed a significant interaction between CSF AB42/40 and
APOE-¢4 in the Centiloid ROl as well as in Braak stages l/ll and [lIl/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,
APQOE-¢4 carriers displayed, for any given value of CSF AB42/40, a higher
AB 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 AR 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; Scholl et al., 2016). Earlier
studies provide evidence for a synergistic interaction between A3 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 AB-induced tau
hyperphosphorylation (Maia et al., 2013; Schelle et al., 2017), fibrillary AB
initiates a pathophysiological cascade leading to tau misfolding that
eventually propagates throughout the neocortex. Furthermore, one study
reported that the interaction between A 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-¢4, by affecting the association between soluble and
deposited AB specifically in MTL areas, paves the way for the spread of tau
in extra medial-temporal regions thus promoting later co-localization of Ap
and tau. Indeed, previous PET imaging studies have documented a higher
tau deposition in APOE-¢4 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 AB 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
AB42/40 and age or sex, but post-hoc three-way interactions indicated that
the effect of APOE-¢4 was significantly stronger for females and older
participants. Our data support earlier evidence for a combined influence of
age, sex and APOE-¢4 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 AR and cognitive decline
(Mormino et al., 2014; Kantarci et al., 2012; Lim et al., 2015) in APOE-¢4
carriers compared to non-carriers. It is worth noting that, when assessing
the main effects of APOE-¢4 on AB PET we found, as expected, a
widespread higher retention in €¢4-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 AB42/40
and APOE-¢4 revealed a cortical topology in different areas and precisely
in MTL, tau-vulnerable, regions. Thus, our results imply that the ratio
between cerebral deposited AB and its soluble counterpart may represent
a novel biomarker putatively reflecting the imbalance between cleared and
deposited AB in the brain, and may thus be more informative on the
mechanisms of incipient AB pathology. Further longitudinal studies are
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required to track the progression of regional A PET uptake as function of
CSF AB 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 AB load (mean Centiloid in ALFA = 2.66; mean Centiloid in ADNI
= 25.71), which can be regarded as a proxy for disease progression
(Palmquist 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 AB 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 II/1V,
and nonsignificant in Braak I/1l. In contrast, in ALFA, whose participants are
supposed to be in earlier stages of the Alzheimer's continuum, the
interaction effect between CSF AB and APOE-¢4 was mostly prominent in
Braak I/11, followed by Braak IlI/IV. This pattern suggests that the effect of
APOE-¢4 in promoting AB 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 A
PET uptake as a function of CSF AB42/40. This interaction was significant
in the Centiloid ROI, Braak stages Ill/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 AB 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-¢4,
the brain regions susceptible for the interaction between CSF AB42/40 and
age display selective vulnerability to AR 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 A in the initial stages of the disease, as well
as in normal aging (Buckner et al., 2005, 2009; Palmqyvist 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 AB clearance
rate begins to become deficient, older individuals harbor more fibrillary
plagues within the DMN, which may exacerbate the effects of AB 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 A in the Centiloid ROI, as well as Braak stages ROIs Ill/IV
and V/VI in the ALFA cohort, while no significant two-way interactions
involving sex were retrieved in the ADNI sample using an ROl 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 AP deposition and reduced gray matter
volume, with these effects mapping onto posteromedial cortices (Mosconi
etal., 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 g4-carriers (Altman et al., 2014). Our
three-way interaction showing a greater deleterious effect of APOE-¢4 on
AB deposition in women than in men suggest that AB-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-¢4 may enter earlier in preclinical AD stage, thus
calling for their inclusion in primary prevention strategies.

In conclusion, we show that APOE-¢4, age and sex modify the relationship
between soluble and deposited AR with each risk factor promoting a higher
cerebral AR deposition as function of CSF AB42/40 concentrations in
specific brain regions. The interaction between CSF AR and APOE-¢4
mapped onto regions that do not typically accumulate AB 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 AR deposition.

These data provide novel insights into the factors mediating the balance
between soluble and deposited AR and clarify the mechanisms underlying
the higher AD prevalence associated to those risk factors.
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Abstract

Introduction: The association between cerebral amyloid-3 accumulation and down-
stream CSF biomarkers is not fully understood, particularly in asymptomatic stages.
Methods: In 318 cognitively unimpaired participants, we assessed the association
between amyloid-B PET (Centiloid), and cerebrospinal fluid (CSF) biomarkers of several
pathophysiological pathways. Interactions by Alzheimer’s disease risk factors (age, sex
and APOE-¢4), and the mediation effect of tau and neurodegeneration were also inves-
tigated.

Results: Centiloids were positively associated with CSF biomarkers of tau pathology
(p-tau), neurodegeneration (t-tau, NfL), synaptic dysfunction (neurogranin) and neu-
roinflammation (YKL-40, GFAP, sTREM2), presenting interactions with age (p-tau, t-
tau, neurogranin) and sex (STREM2, NfL). Most of these associations were mediated by
p-tau, except for NfL. The interaction between sex and amyloid- on sSTREM2 and NfL
was also tau-independent.
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1 | BACKGROUND

The pathological hallmarks of Alzheimer's disease (AD) are amyloid-
B (AB) plaques and neurofibrillary tau tangles. According to the amy-
loid cascade hypothesis, A3 accumulation is the earliest pathological
event, which can start decades before symptoms, and it is followed by
tau accumulation and neurodegeneration.® In addition, recent studies
havereported the involvement of many other downstream pathophysi-
ological processes during the early stagesof the Alzheimer's continuum,
even inasymptomatic individuals, including neuroinflammation, synap-
tic dysfunction and neuronal injury.2?

Recent advances in the development of novel biomarkers have
enabled us and others to track some of these processes through cere-
brospinal fluid (CSF) or plasma biomarkers.*~1° Studying the early
changes in these biomarkers and their relationship with the main
pathological hallmarks of Alzheimer’s disease (AD) would allow us to
better understand the role of these processes in the progression of AD.
Understanding these mechanisms, especially in the earliest stages, can
also be informative on novel possible drug targets for the prevention of
AD.

Ina previous study, we found that after CSF A342/40 becomes pos-
itive, there is a steep increase in tau-related (phosphorylated tau [p-

W 122

Discussion: Early amyloid-3 accumulation has a tau-independent effect on neurode-
generation and a tau-dependent effect on neuroinflammation. Besides, sex has a mod-
ifier effect on these associations independent of tau.

[18F]flutemetamol, Alzheimer, biomarkers, glial activation, inflammation, modulation, neuronal

tau]) and synaptic dysfunction (neurogranin) CSF biomarkers and, to a
lesser extent, in axonal injury (neurofilament light [NfL] and total tau [t-
tau]) and glial biomarkers (soluble triggering receptor on myeloid cells
2 [sTREM2], YKL40, glial fibrillary acidic protein [GFAP]).!! Despite
the novelty of these findings, there were still important questions
to be addressed. First, to assess whether cerebral Ag deposition, as
measured by AB PET, would also be associated with CSF biomarkers
of downstream pathophysiological mechanisms. To this regard, it is
important to note that A3 measured in CSF and in PET probe differ-
ent pools of Ag,'? and that aggregated Ag (or AB load, as measured by
ABPET) may have adifferent effect than soluble Ag (as measure by CSF
Ap42/40). Second, to investigate whether age, sex and APOE-¢4 status,
the main unmodifiable AD risk factors, had also a modulation effect
over the association between AB PET and the rest of CSF biomarkers.
Finally, since these CSF biomarkers show a high level of collinearity at
early asymptomatic AD stages, it remained to be determined to what
extent these associations represented unique downstream alterations
associated to AB or were driven by other correlated biomarkers. In this
respect, we hypothesized that CSF p-tau would mediate several associ-
ations between cerebral Agload and CSF biomarkers.

With this in mind, we aimed to analyze the relationship between
AB accumulation in the brain measured with [*8F]flutemetamol A8
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional (eg. PubMed) sources. Several stud-
ies have been recently published about the association
between novel CSF biomarkers for Alzheimer’s disease
(AD) and core AD biomarkers (ie. amyloid-3, t-tau and p-
tau). Relevant citations are appropriately cited.

2. Interpretation: Unlike previous studies, we studied a
wide range of biomarkers reflecting several pathophysi-
ological mechanisms, we focused in the very early stages
of the disease, and we assessed the modifier effects of
AD risk factors. Moreover, we tested how tau pathol-
ogy mediated the association between amyloid-£ pathol-
ogy and downstream neurodegeneration and neuroin-
flammation.

3. Futuredirections: This is a cross-sectional study. We will
conduct a longitudinal study of these participants, which
will allow us to have a better understanding of the evolu-
tion of these biomarkers in the early stages of AD.

PET and multiple biological pathways measured in CSF in the early
Alzheimer’s continuum. We also studied whether these associations
were modified by the main risk factors for AD: age, sex and APOE-c4
status. We hypothesized that A3 PET is associated with several down-
stream pathophysilogical processes, and these association are modi-
fied by age, sex and APOE-¢4 status. Moreover, we assessed whether
these associations were mediated by biomarkers of tau pathology and
neurodegeneration. We hypothesized that CSF p-tau would mediate
several associations between cerebral Ag load and CSF biomarkers. To
achieve these aims, we analyzed CSF biomarkers reflecting multiple
Alzheimer's pathophysiological, including: tau pathology (CSF p-tau),
neuronal injury (CSF t-tau and NfL), synaptic dysfunction (CSF neu-
rogranin), inflammation and glial activation (sTREM2, YKL-40, GFAP,
$100b and interleukin 6 [IL-6]), and also total a-synuclein.2* All these
analyses were performed in a cohort of 318 cognitively unimpaired
participants. Remarkably, these participants had a relatively low mean
[18F]flutemetamol A3 PET uptake, which allowed us to study very early
pathophysiological changes associated with a low load of cerebral A
deposition.

2 | MATERIALS AND METHODS

2.1 | Participants

Participants of this study were part of the ALFA+ cohort, nested in
the ALFA (for AlLzheimer's and FAmilies) parent cohort.!'® The ALFA
cohort was established as a research platform to characterize pre-
clinical AD in 2,743 cognitively unimpaired individuals, aged between
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45 and 75 years old, and enriched for family history of sporadic AD.
ALFA+ participants were selected for a more comprehensive evalu-
ation including a lumbar puncture (LP) and a [*8F]flutemetamol A
PET. All ALFA+ participants were cognitively unimpaired with a Mini-
Mental State Examination (MMSE) above 26 and a Clinical Dementia
Rating (CDR) of zero and were enriched for APOE- ¢4 allele carriership
and family history of AD. We also measured delayed free recall from
Free and Cued Selective Reminding Test (FCSRT, see Supplementary
Material).* For this study, we included the first 318 consecutive par-
ticipants that had usable CSF and AB PET data acquired in less than a
year.

2.2 | CSF sampling

CSF AB4, was measured using the Elecsys® g- amyloid(1-42),> while
t-tau and p-tau were measured using the electrochemiluminescence
immunoassays Elecsys® Total-Tau and Phospho-Tau(181P) CSF on a
fully automated cobas e 601 instrument (Roche Diagnostics Interna-
tional Ltd., Rotkreuz, Switzerland). The rest of the biomarkers (A84q,
NfL, neurogranin, YKL-40, GFAP,sTREM2,S100b, IL-6 and «-synuclein)
were measured with robust prototype assays as part of the Neuro-
ToolKit (Roche Diagnostics International Ltd., Rotkreuz, Switzerland)
on a cobas e 411 and e 601 instruments). All available CSF biomark-
ers were used in this study. All measurements were performed at the
Clinical Neurochemistry Laboratory, Sahlgrenska University Hospital,
Molndal, Sweden, by board-certified laboratory technicians who were
blinded to diagnostic and other clinical data.

2.3 | Image acquisition

Imaging acquisition and preprocessing protocols have been described
previously.2¢ Briefly, all participants had a ['8F]flutemetamol PET
scan and a T1-weighted MRI acquired within one year. PET imaging
was conducted in a Siemens Biograph mCT (Siemens, Munich, Ger-
many), following a cranial CT scan for attenuation correction. Partic-
ipants were injected with 185 MBq (range 166.5 to 203.5 MBq) of
[18F]flutemetamol, and four frames of 5 min each were acquired 90 min
post-injection. Finally, the T1-weighted 3D-Turbo field echo (TFE)
sequence was acquired in a Philips 3T Ingenia CX scanner (Philips,
Amsterdam, Netherlands).

24 | Image processing

PET images were pre-processed following the standard Centiloid
pipeline using Statistical parametric mapping (SPM12).Y7 In brief, PET
frames were first realigned and summed to obtain a unique PET image,
which was then co-registered with the available T1-weighted MRI scan
of the same participant. Then, MRIs were normalized to the MNI space,
and the same transformation was then applied to the PET image. All
PET images were visually inspected as a quality control procedure.
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The intensity normalization was performed using the whole cerebellum
as reference region, provided by the Centiloid working group on the
GAAIN website (http://www.gaain.org/centiloid-project). We quanti-
fied the global Ag load using the standard Centiloid region of interest
(ROI) that can also be found on the GAAIN website. The ratio of stan-
dardized uptake values (SUVr) were transformed to Centiloids using a
previously validated linear regression.'® From T1-weighted images we
derived normalized hippocampal volumes as described in the Supple-
mentary Materials.

2.5 | Statistical analyses

CSF biomarker determination were inspected before performing any
correlation studies with [*8F]flutemetamol PET uptake. Extreme val-
ues in CSF were excluded as specified in** (Supplementary Materials).
We tested for normality of the distribution for each biomarker using
the Kolmogorov-Smirnov test and visual inspection of histograms.
Those CSF biomarkers that did not follow a normal distribution log4o-
transformed and Centiloid values were also log,-transformed. Cross-
correlation between all CSF biomarkers were calculated using Pear-
son’s correlation.

The first main analysis of this study aimed to assess the direct asso-
ciations between Ag load in the brain and all CSF biomarkers available.
To this aim, we used each of the of the CSF biomarkers as variable of
interest (dependent variable), and AB load (ie. Centiloids) as the inde-
pendent variable in univariate general linear models (GLM). Age, sex,
education and APOE-¢4 statuswere added as covariates for all the mod-
els as shown in the following equation:

CSF biomarker ~ 1+ age + sex + education + APOEe4 + log(CL)

We also tested interaction effects between global cerebral Ag load
in the brain and main AD risk factors (ie, age, sex and APOE-¢4 status)
on each CSF biomarker. To test age interactions, we used a GLM model
including a new variable that resulted from the product of age and Cen-
tiloids. To display the results of this interaction we divided the popula-
tionin three age groups, using the tertiles of age, although this was not
used for any statistical analysis. To test sex and APOE-¢4 status interac-
tions, we performed ANCOVAs using the same covariates as the previ-
ous models. The equations for the interaction are shown below:

CSF biomarker ~ 1 + sex + education + APOEc4 + age * log (CL)
CSF biomarker ~ 1+ age + education + APOEe4 + sex * log(CL)
CSF biomarker ~ 1 + age + sex + education + APOEe4 »* log (CL)
As a complementary analysis we repeated the previous analyses
replacing log(CL) by CSF A342/40 ratio both only including the A posi-
tive sub-group, as the association between CSF AB42/40 ratio and the

rest of CSF biomarkers showed a change of slope in the A3 positivity
threshold (Figure S3).
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Finally, we performed a mediation analysis between cerebral A3
load and each of the CSF biomarkers using p-tau and/or NfL as medi-
ators. The aim of this analysis was to understand whether the asso-
ciations previously found between Ag deposition and the other CSF
biomarkerswere partially, fully or not at all mediated by these biomark-
ers. We used the PROCESS version 3.4.1 toolbox from SPSS (www.
processmacro.org)'® to perform these analyses. In each model, Cen-
tiloid values were included as independent variable, CSF biomarkers as
dependent variable, using the same covariates as in the previous anal-
yses. Both p-tau and NfL were included as mediators in all initial mod-
els (except the one studying NfL), but discarded if they did not show
a significant mediation effect. As a complementary analysis, we also
repeated mediation models using CSF AB42/40 ratio as independent
variable in the Ag positive sub-group defined by CSF.

Finally, we repeated the main and interaction models including
the significant mediators as covariates in each of the models to see
whether these associations remained after adjusting by their media-
tors.

Other additional analyses regarding imaging biomarkers of neu-
rodegeneration (hippocampal volumes) and cognition (MMSE and
FCSRT) are presented in the Supplementary Materials, as well as A8
PET analyses including only A8 positive participants. Statistical signifi-
cance was set at P <.05 without corrections for multiple comparisons
for all analyses.

2.6 | Ethical statement

The ALFA+ study (ALFA-FPM-0311) was approved by the Indepen-
dent Ethics Committee “Parc de Salut Mar,” Barcelona, and registered
at Clinicaltrials.gov (Identifier: NCT02485730). All participants signed
the study's informed consent form that had also been approved by the
Independent Ethics Committee “Parc de Salut Mar,” Barcelona.

3 | RESULTS

Participants’ demographics, CSF biomarker levels and PET measure-
ments are summarized in Table 1. Their mean age was 61.4 years old,
with a majority of women (62.6%) and more than half of the par-
ticipants were APOE-¢4 carriers (52.8%). The mean time difference
between PET and LP was 97 days. Mean A8 deposition for the whole
cohortinthe brain was low (mean CL: 2.7, range: —23.9to 81.6). Impor-
tantly, those considered to be A3 positive also have alow AB deposition
compared to other cohorts (mean CL: 16.4, n = 109, Table S4), show-
ing the early stage in the Alzheimer's continuum of this population. This
can also be seen in the distribution of our participants in the A/T/(N)
classification (Table $1). All CSF biomarkers but sSTREM2 were log; o-
transformed for following analyses as were not normally distributed.

CSF levels for the different biomarkers were highly correlated.
Except for CSF IL-6, the rest of CSF biomarkers showed a significant
correlation between them with high values (Figure S1).
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TABLE 1 Participants’ demographics and CSF and PET measures

N=318 Mean (SD)

Demographics
Age (years) [range] 61.4(4.6)[504 to

74.3]

Women, n(%) 199 (62.6)
Education (years) 13.4(3.5)
APOE-¢4 carriers, 168 (52.8)
n(%)
Time difference LP 96.7 (67.4)
- PET (days)
MMSE 29.2(1.0)
FCSRT - Delayed 11.6(2.1)
freerecall

CSF measures
AB;.42 (pg/mL) 1328 (569) [307 to
[range] 3595]
AB1.40 (ng/mlL) 17.6(5.0)
p-tau (pg/ml) 16.1(6.3)
t-tau (pg/mL) 198 (68)
NfL (pg/mL) 81.5(26.8)
Neurogranin 805(323)
(pg/mL)
GFAP (ng/mL) 7.5(2.3)
YKL-40 (ng/mL) 148(53)
STREM2 (ng/mL) 7.9(2.3)
$100b (ng/mL) 1.01(0.22)
IL-6 (pg/mL) 3.8(1.4)
a-synuclein 199 (81)
(pg/mL)

PET measures

Centiloids [range]

2.7(16.6)[-23.9,
81.6]

Mean (SD) values are shown unless otherwise stated.

AB, amyloid-3; FCSRT, Free and Cued Selective Reminding Test; GFAP, glial
fibrillary acidic protein; IL-6, interleukin 6; LP, lumbar puncture; MMSE,
Mini-Mental State Examination; NfL, neurofilament light; p-tau, phospho-
rylated tau; SD, standard deviation; STREMZ2, soluble triggering receptor on
myeloid cells 2 (TREM2); t-tau; total tau.

3.1 | Associations of CSF biomarkers with cerebral

Ag load

In our global main analysis, we calculated the association between a
global measure of AB load in the brain and all CSF biomarkers (Table 2).
CSF p-tau, t-tau, NfL, neurogranin, GFAP, YKL-40, and sTREM2 showed
a significant positive correlation with Centiloids. CSF S100b, IL-6 and
a-synuclein did not show significant association. Similar associations
were found when we took into account only the Ag positive partic-
ipants, except for CSF neurogranin and sTREM2 that became non-
significant (Table S5).
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For comparison purposes, we also repeated this analysis using CSF
AB42/40 ratio as biomarker A3 pathology, instead of A3 PET. For
this analysis we only included A8 positive subjects. Similar results
were found with this approach with only a significant association
with a-synuclein as a difference (Table 2). Effect sizes found using
CSF AB342/40 ratio were bigger than with those found using Ag PET.
However, this increase in effect sizes was also seen in PET analy-
ses when we only considered Ag positive subjects (Table S5). There-
fore, we could say that analyses using CSF AB42/40 ratio were very
similar to those using AB PET, although only considering A3 positive
participants.

3.2 | Age, sex, and APOE-¢4 interactions with Ag
load on CSF biomarkers

Thefirstinteraction effect tested in the association between Centiloids
and CSF biomarkers was age. We found that this interaction was sig-
nificant for CSF p-tau, t-tau and neurogranin (Table 2 and Figure 1).
This was also true when we only included A3 positive subjects (Table
S5). Age-interaction also shows a trend to significance on sSTREM2 and
IL-6. All CSF biomarkers showed a more pronounced positive associa-
tion with Centiloids with older age. No significant interactions with age
were observed using CSF A342/40 as a marker of A3 pathology when
only studying A positive subjects (Table 2).

Regarding the interaction between sex and Centiloids, it was only
significant for CSF NfL and sTREM2 (Table 2 and Figure 2). In both
cases, women presented a higher correlation between CSF levels and
Centiloids. Together with these two biomarkers, YKL-40 also showed a
sex interaction when only Ag positive participants were included (Table
S5). In contrast, the sex interaction with CSF AB42/40 was also signifi-
cant for CSF NfL and IL-6 for A positive subjects (Table 2).

On the contrary, none of the CSF biomarkers showed a signifi-
cant interaction between APOE-¢4 status and Centiloids (both with
the whole sample and A positive participants). However, the interac-
tion between CSF AB42/40 and APOE-¢4 status was significant for a-
synucleinin A3 positive subjects (Table 2).

3.3 | Mediation effects of tau and neuronal injury
biomarkers

Here, we tested whether the association between Centiloids and CSF
biomarkers were mediated by tau pathology and/or neuronal injury,
as measured by CSF p-tau and CSF NfL, respectively. We performed
the mediation on those CSF biomarkers that showed a significant or a
trend to a significant effect in the main association analyses (ie. CSF
NfL, GFAP, YKL-40, and sTREM2). We did not include CSF t-tau or
neurogranin in this analysis due to its high colinearity with CSF p-tau,
(r>0.9, Figure S1). Figure 3 shows the final models whose mediators
(CSF p-tau and/or NfL) showed at least a trend to significance in the
mediation path. First, we observed that the Centiloids effect on CSF
NfL was only partially mediated by CSF p-tau. This is shown by the
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TABLE 2 Main and interactions effects of A3 on CSF biomarkers
Main effect Age interaction Sex interaction (F > M) APOE-s4 interaction (C > NC)
Effect size [95% Cl] P Effectsize [95%Cl] P Effectsize[95%Cl] P Effect size [95% Cl] P
AB PET (all subjects)
p-tau 0.30[0.19t0 0.41] <001 0.17[0.06t0 0.28] 003 0.06[-005t00.17] 302 -0.03[-0.14t00.09] .651
t-tau 0.28[0.17 t0 0.39] <001 0.13[0.02t00.24] 017  0.03(-0.08t00.14] 584  -0.04[-0.15t00.07] .483
NfL 0.25[0.14 t0 0.36] <001 007[-004t00.18] 201  0.11[0.00t00.22] 045 002([-0.09t00.13]  .736
Neurogranin ~ 0.15[0.04 to 0.26] 009  0.12[0.01t00.23] 031 0.04[-007t00.15] 451  -0.03[-0.14t00.08] .584
GFAP 0.18[0.07 t0 0.29] 001  0.04[-0.07t00.15] 461 0.04[-0.07t00.15] 527 —0.04[-0.15t00.07] 452
YKL-40 0.21[0.10t0 0.32] <001 0.06[-0.05t00.17] 261 0.10(-0.01t00.21] 085 —0.02[(-0.13t00.09] .681
sTREM2 0.13[0.02t0 0.24] 026  0.11[-0.00t00.22] 051 0.13[0.02t0 0.24] 021 —0.04[-0.15t00.07] 522
$100b 0.09[-0.03t00.20] 130 —0.01[-0.12t0 0.10] .819 0.06[-0.05t00.17] 293 —0.07[-0.18t00.04] 229
IL-6 0.06[-0.06t00.17] 326  0.09[-0.02t00.20] 099 —0.01[-0.12t0 0.10] .857 0.01[-0.10t00.12] 856
a-synuclein 0.07[-0.04t00.18] 216 0.09(-0.02t00.20] 112 0.04[-0.07 t00.15] 479 —0.11[-0.21t00.01] 065
CSF ABazaq ratio (AS positive subjects)

p-tau —0.57[-0.76,-0.38] <001 -0.18[0.37,0.02] 072 0.03[-0.16,0.22] .758 0.19[-0.01,0.37] 067
t-tau —0.54[-0.73,-0.35] <001 -0.14[0.32,0.06] 172 0.02[-0.17,0.21] 851 0.15 [-0.05,0.33] 158
NfL —0.34[-0.53,-0.14] .001 —0.05([-0.23,0.15] .655 —0.20[-0.38,-0.00] .047 0.15 [-0.05,0.34] 135
Neurogranin  —0.48[-0.67,-0.29] <001 -0.08[-0.27,0.11] 405 0.01[-0.19,0.20] 951 0.19 [-0.00,0.38] 051
GFAP —0.27[-0.46,—0.08] .005 0.10[-0.10,0.29] 323 0.08(-0.12,0.27] 432 —0.01[-0.20,0.18] 935
YKL-40 —0.46[-0.65,-0.27] <001 0.02[-0.17,0.21] 867  0.01[-0.18,0.21] 884  002[-0.17,0.21] 820
sTREM2 —0.19[-0.38,-0.00] .046 —0.02[-0.21,0.17] 815 —0.06([-0.25,0.13] .533 —0.09[-0.28,0.11] .382
$100b —-0.08[-0.27,0.11] 405  0.20(-0.00,0.38] 051  0.07[-0.13,0.26] 498  -0.14[-0.33,0.05] 260
IL-6 —0.08[-0.27,0.11] 413 —0.11[-0.29,0.09] 290 —0.25[-043,-0.04] 017 0.12[-0.07,0.31] .230
a-synuclein  —0.34[-0.53,-0.15] .001  —0.01[-0.20,0.19] 952 -0.02[-0.21,0.17] 829  0.20[0.00,-0.38] 047

Ag was assessed both with PET and CSF. In the analysis using CSF AS,2,49 ratio, only A3 positive subjects were assessed due change of slopes between this
AgZ marker and the rest of the CSF biomarkers in the Ag cut-off for positivity (see Figure S2). A positive participants’ were defined as having CSF AS45/40
ratio below 0.071."* Effect sizes are calculated as standardized betas. Significant effects (P < .05) are shown in bold. Models included age, sex, educationand
APOE-¢4 status as covariates. Of note, the signis reversed in the CSF analysis due to the inverse relationship between CSF Aand AS PET.

Ag, amyloid-3; C,carrier; Cl, confidence interval; F, female; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; M, male; NC, non-carrier; NfL, neurofilament
light; p-tau, phosphorylated tau; sTREM2, soluble triggering receptor on myeloid cells 2 (TREM2); t-tau, total tau.

fact that the Centiloids direct effect on CSF NfL still showed a trend
effect after adjusting by CSF p-tau (40.5% of total effect). In contrast,
we found that the effect of Centiloids on CSF sTREM2 was fully medi-
ated by CSF p-tau, but not by CSF NfL. Regarding GFAP and YKL-40,
both had a significant two-step indirect effect of p-tau and NfL (ie. Cen-
tiloids — p-tau — GFAP/YKL-40 and Centiloids — NfL — GFAP/YKL-
40); and also athree-step indirect effect of p-tau and NfL (ie. Centiloids
— p-tau — NfL — GFAP/YKL-40). However, the biggest effect in both
cases was seen in the indirect path involving p-tau (ie, Centiloids —
p-tau — GFAP/YKL-40, GFAP: 56.6% and YKL-40: 95.3% of the total
effect).

Similar results were observed when using CSF AB42/40 as indepen-
dent variable in A3 positive participants (Figure 3). CSF p-tau alsomedi-
ated the association between CSF AB42/40 and NfL, but in this case,
CSF AB42/40 direct effect on NfL was no longer significant. CSF GFAP
was also mediated by both p-tau (66.2% of the total effect) and NfL
(30.8% of the total effect). On the other hand, CSF YKL-40 was only
mediated by p-tau. Finally, we did not perform the mediation analy-
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sis with CSF sTREM2 in this case, as it did not show a significant total
effect.

34 | Associations between CSF biomarkers and Ag
load after adjusting for mediators

Finally, we repeated the main association models as well as the ones
including interaction effects but adjusting by the significant mediators
found in the previous analyses. These analyses were only repeated
for those CSF biomarkers and associations that were significant in the
main analyses using A3 PET. These analyses had the objective of dis-
entangling whether these associations or interactions were indepen-
dent of p-tau and/or NfL indirect effects. As shown in Table 3, none of
the mainassociations between A3 load and the CSF biomarkers studied
remained significant after adjusting by their specific mediators. Simi-
larly, CSF NfL and age interaction became non-significant after includ-
ing mediators as covariates. Finally, we found that the interaction effect
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below 60, between 60 and 64 and, above 64 years old, respectively. These groups were used for visualization purposes only. P-value of each
interaction effect is shown in the upper left corner. Statistically significant effects (P < .05) are shown in bold. x axis is depicted in logarithmic scale.
AB, amyloid-g; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; NfL, neurofilament light; p-tau, phosphorylated tau; STREM2, soluble
triggering receptor on myeloid cells 2(TREM2); t-tau, total tau
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FIGURE 2 Sexand ABinteraction effects on CSF biomarkers. CSF biomarkers residuals, after adjusting by covariates (age, education, and
APOE-¢4 status), are compared to global A8 load measured as Centiloids. Colors represent the two sex groups, with women depicted in dark coral.
P-value of each interaction effect is shown in the upper left corner. Statistically significant effects (P < .05) are shown in bold. x axis is depicted in
logarithmic scale. A, amyloid-g; GFAP, glial fibrillary acidic protein; IL-6,interleukin 6; NfL, neurofilament light; p-tau, phosphorylated tau;
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FIGURE 3 Agmediated effects on CSF biomarkers. Models of mediation for CSF NfL (A,E), sSTREM2 (B), GFAP (C,F) and YKL-40 (D,G) with A
PET (upper part) and CSF A3 (lower part). Models with CSF A8 as independent variable only included AB positive participants (n = 109). The values
of each path show the effect (SE). Total effect between ABload and each CSF biomarker is shown in dark green (path c); direct effect, after
adjusting by mediators, is shownin light green (path c'); and indirect effects are shown in dark blue (path a;b,, mediation effect of p-tau), in purple
(path ayby, mediation effect of NfL) and in light blue (path a;-d,1-b,, mediation effect of p-tau and NfL). All paths depicted are significant (P < .05),
except for direct effect between ABand NfL that showed a trend to significance (P < .10, in italics). All paths are adjusted by covariates (age, sex,
education, and APOE-¢4 status). A3, amyloid-g; GFAP, glial fibrillary acidic protein; IL-6, interleukin 6; NfL, neurofilament light; p-tau,
phosphorylated tau; STREM2, soluble triggering receptor on myeloid cells 2 (TREM2).
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TABLE 3 Main and interactions effects of A3 load on CSF biomarkers after adjusting by specific mediators

Main effect Age interaction Sex interaction (F > M)
CSF biomarker Effect size [95% Cl] P Effect size [95% Cl] P Effect size [95% Cl] P
NfL (adj p-tau) 0.10[-0.01t00.21] .082 0.00[-0.11t00.11] .958 0.10[-0.01t00.21] 077
GFAP (adj p-tau & NfL) —0.01[-0.12t0 0.10] .853 - - - -
YKL-40 (adj p-tau & NfL) —0.03[-0.14 t0 0.08] .632 - - - -
STREM2 (adj p-tau) —0.05[-0.16 to 0.06] 410 - = 0.13[0.02 to 0.24] 023

Association parameters between CSF biomarkers and global A3 deposition for the main and interaction effects after adjusting by significant mediators. Only
those associations that were significant without mediators (shown in Table 2) were tested. Effect sizes are calculated as standardized betas. Significant effects

(P<.05)are shownin bold.

AB, amyloid-3; Cl, confidence interval; F, female; GFAP, glial fibrillary acidic protein; M, male; NfL, neurofilament light; p-tau, phosphorylated tau; sSTREM2,

soluble triggering receptor on myeloid cells 2 (TREM2).

between sex and A3 load on CSF sTREM2 was still significant after
adjusting by CSF p-tau.

4 | DISCUSSION

In this study, we investigated the relationship between Ag load in the
brain, as measured by PET, and CSF biomarkers of pathophysiological
processes downstreamto ABin a cohort of cognitively unimpaired par-
ticipants. Remarkably, some of them were in a very early stage of the
Alzheimer’s continuum, as shown by a very low load of A load. Our
first finding was that markers of tau pathology (CSF p-tau), neuronal
injury (CSF t-tau and NfL), synaptic dysfunction (CSF neurogranin), and
neuroinflammation (CSF GFAP, YKL-40, and sTREM2) showed a pos-
itive association with Ag load, even at this early stage. Interestingly,
we found that age and sex, but not APOE-¢4 status, had a modulatory
influence on some of these relationships. There was a stronger asso-
ciation between Ag PET and CSF biomarkers in older individuals and
in women. Finally, as some of these CSF biomarkers were highly corre-
lated, we performed mediation analyses to disentangle the ones driv-
ing the observed associations. We found that the association of ASPET
with CSF NfL, a marker of neuronal injury, was only partially mediated
by tau pathology (CSF p-tau) suggesting adirect effect of A3 deposition
on neurodegeneration. In contrast, almost all the associations of Ag
PET with inflammatory markers (ie. CSF GFAP, YKL-40, and sTREM2),
as well as their respective interactions with AD risk factors, were medi-
ated by CSF biomarkers of tau pathology (CSF p-tau), alone or in combi-
nation with neuronalinjury (CSF NfL). The only exceptionwasthe inter-
action between sex and Agload on CSF sTREM2 (and between sex and
CSF NfL, at a trend level) that remained significant after correction for
CSF p-tau.

Previously, it was reported in older subjects with cognitive impair-
ment associations between A3 PET and several CSF biomarkers, includ-
ing CSF p-tau, t-tau, neurogranin, NfL and YKL-40.2°2* However, less
is known in preclinical Alzheimer. Herein, we extend these findings to
younger individuals without objective cognitive impairment associa-
tions. In line with our findings, a recent study by Palmqvist et al. showed
changes in CSF p-tau, neurogranin, NfL, and YKL-40 associated with A
load measured with PET.2° Similar results were also found in another

recent study by Bos et al., in which the authors reported an associa-
tion between CSF AB and NfL, neurogranin and YKL-40 in cognitively
unimpaired participants.2 With respect to these reports, our sample is
younger (mean age of 61.4 vs 72.1years old) and does not include mild
cognitive impairment (MCI) patients. Importantly, we included a rela-
tively high percentage of individuals (25%, see Table S1) that were A3
positive (as defined by CSF AB42/40) but still tau negative (as defined
by CSF p-tau). It can thus be considered that our study focuses on
an earlier stage in the Alzheimer’s continuum and in late-/middle-aged
individuals, when Alzheimer's pathology most likely starts. In addition,
we also detected associations between Agload and additional neuroin-
flammatory markers (CSF GFAP and sTREM2) that, to the best of our
knowledge, have not been previously described. It isimportant to note
that the vast majority of these associations remained significant even
when we only analyzed Ag positive participants, both measuring CSF
AB42/40 and ABPET load (see Table 2 and Table S5).

Mounting evidence suggests that women are at increased risk of
AD22 but the biological explanation of this difference is still unknown.
Neither Ag load nor its accumulation over time seem to be the cause
as multiple studies found no difference in A3 by sex,?*-2¢ which is
replicated in our study (data not shown). In our previous study, we
found that CSF NfL was significantly lower than in women.** But in
the present study we discovered that this difference was related to
Ag load; as we revealed that CSF NfL levels had a steeper increase
in women with higher Ag load than men, with women having lower
CSF NfL with low A8 load but higher CSF NfL with high Ag load. This
effect was also seen even after correcting for CSF p-tau (trend level)
or when measuring A3 pathology in the CSF. Previous studies already
reported higher levels of neurodegeneration in women 2’28 particu-
larly in APOE-¢4 carriers, and have been related to their worse clinical
output, although this was not replicated in all cases.?® Our result con-
firmed thisin a younger and earlier in the Alzheimer's continuum popu-
lation. What is new in our study is that we find that these differences
are related to A3 pathology load and irrespective of tau pathology.
This result suggests that women may show a tighter coupling between
Appathology and neurodegeneration, which may contribute to explain
their higher risk of AD, independently of their tau levels.

Another novelty of our study was finding an interaction between sex
and A8 load on sSTREM2. Women presented more elevated levels of
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CSF sTREM2 with increasing Ag load than men, although their global
measures did not differ.* Of note, this difference in slope with increas-
ing A3 was independent of tau pathology. Whether this is a protective
or detrimental effect for women against A cannot be stated. The role
of microglial activation, and in particular of TREM2-mediated microglia
function, in AD is still not fully understood, and it has been suggested
that could have different effects depending on the stage of the disease,
being beneficial at early stages but detrimental at later ones.27-31
Sex differences in microglial activation have been reported before in
mice.?2 Also, recently early sex differential patterns of atrophy were
related to glial biomarkers with a greater impact in areas of the Papez
circuitin women and greater impact in men in lateral parietal and para-
central areas.>®

We also found an interaction between age and AS load on p-tau and
t-tau, suggesting that for the same levels of A3 PET-measured pathol-
ogy, older individuals have increased tau pathology. To the best of our
knowledge, this has not been reported before and, therefore, needs
replication. However, multiple hypotheses may explain this behavior.
On one hand, older subjects have anincreased probability to have other
comorbidities which candecrease their resistance to tau pathology and
neurodegeneration.* On another hand, it is possible that biological
pathways that may help to slow-down the spreading of tau pathology
once A is present (ie. glial activation), become less effective in older
ages.®®> CSF neurogranin, sSTREM2 and IL-6 (the two last at a trend
level) also had a significant A3*age interaction, however, these interac-
tions became non-significant when we adjusted by tau pathology. This
suggests that their initial relationship was mainly driven by the actual
interaction of age and A8 on p-tau.

The association between CSF NfL, a marker of neuronal injury, and
AB PET or CSF Aghas been reported before.!2%21 However, whether
this association is mediated by tau pathology is unknown and, there-
fore, we conducted a mediation analysis. Interestingly, we found a tau-
dependent but also arelevant tau-independent effect of ASPET on CSF
NfL (40.5% of the total effect, Figure 3). This is in line with a recent
publication that shows a direct effect of A accumulation on CSF NfL
levels and neurodegeneration in AD-regions in a rat model with mini-
mal tau pathology.?¢ In the same study, these results were replicated in
humans even when accounting for tau pathology. Altogether, this result
suggests that AB load has, at least, a partial direct effect on neurode-
generation in early stages of Alzheimer’s continuum. It is important to
note, that this Ag-direct effect over CSF NfL did not remain significant
whenwe studied this model using CSF AB42/40 in positive participants.
We speculate that there may be two reasons underlying these find-
ings, which are not mutually exclusive. First, that soluble A3 changes
first triggers tau metabolism changes and, after that, neurodegenera-
tion occurs. This is supported by the fact that there is an active secre-
tion of p-tau in response of AS early changes.®’“° Second, there is the
possibility that Ag-direct effect on neurodegeneration may be most
important in later stages of the Alzheimer’s continuum, when the pro-
gression of AD pathology can still be tracked by PET and no longer by
CSF AB and due to other mechanisms, such as inflammation or actual
physical damage by the plaques. Then, after both A3 and tau pathology
increase, this association may be fully driven by tau pathology, which
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agrees with previous studies finding a direct association between tau
-but not Ag- and neurodegeneration.**#? However, longitudinal inves-
tigations in participants in the very early stages of the Alzheimer’'s con-
tinuum are needed to confirm this hypothesis.

Overall, three markers of neuroinflammation showed associations
with Ag pathology in this study: one related to microglial activation
(sTREMZ2), and two related to astroglial reactivity (YKL-40 and GFAP).
sTREM2 is the soluble ectodomain of the TREM2 receptor, mainly
expressed in microglia in the central nervous system. Previous stud-
ies have shown that CSF sTREM2 levels are elevated in late asymp-
tomatic (once participants have changes in tau-related biomarkers) and
early symptomatic stages of familial and sporadic AD.**-%7 Recently,
we found that CSF sTREM2 was increased in A3 and tau positive cog-
nitively unimpaired individuals but not in those that were Ag positive
but tau negative.'* Considering that A3 PET changes later than CSF
AB,%8750 the associations that we observe here between Ag PET and
CSF sTREM2 reinforce the idea that CSF STREM2 increases are not as
soon as the first changes in CSF AB42/40. Also supporting this hypoth-
esis, we found that CSF sTREM2 only showed an association with CSF
AB42/40 in our cohort when Ag-positive participants were considered,
suggesting that this association may relate to later stages of preclini-
cal AD pathophysiology. Our mediation analyses allowed us to deter-
mine, whether this association was possibly due to collinearity with
other CSF biomarkers or a singular association with A3 PET load. The
fact that this association was fully mediated by CSF p-tauis in line with
the hypothesis that CSF sTREM2 increases with the early changes in
tau biomarkers.

We also found associations between cerebral AS load -and CSF
ApB- and astroglial markers (YKL-40 and GFAP). To our knowledge,
this is the first study to show an association between A3 load and
CSF GFAP, although we previously showed this association with CSF
APB42/40.1* On the other hand, previous studies only reported associa-
tions between CSF YKL-40 with tau levels but not with A3 in CSF,>*%2
except for our previous study only in A positive participants.** To
this regard, and like CSF sTREM2, we found the association between
astroglial markers and A to be fully mediated by p-tau levels. This pin-
points the importance of this analysis to understand the underlying
associations between a set of CSF biomarkers that were highly corre-
lated. The fact that p-tau fully mediated the association between Ag
and astroglial markers is in line with the hypothesis that levels of glial
markers parallel those of tau biomarkers.*3-47:>1.52 Some of these pre-
vious publications also found an association of glial markers, not only
with tau, but also with markersof neuronal injury (ie, t-tau and NfL) and
imaging markers of neurodegeneration.*3#54¢.5253 |n [ine with these,
we also found CSF NfL to mediate the association between A8 load
and astroglial markers, but not CSF sTREM2. However, both for CSF
GFAP and YKL-40, the effect size of this mediation was considerably
lower than that of CSF p-tau (GFAP: p-tau effect = 56.6%; YKL-40: p-
tau effect = 95.3%). Moreover, NfL mediation effect did not remain sig-
nificant when only Ag positive subjects were studied. Suchaweak asso-
ciation may be explained by the almost complete lack of neurodegener-
ation positive individuals in our sample: only three participants (0.9%)
were A+T+N+, see Table 51).1? The follow-up of these participants will
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enable us to study whether this association is replicated when they
will be more advanced in the Alzheimer’s continuum. Altogether, we
hypothesize that the neuroinflammatory response in this early phase
of AD probably follows the early changes of tau pathology and, to a
lower extent, of neurodegeneration. Of note, in the mediation analysis,
we used CSF NfL, and not CSF t-tau, as a marker of neurodegeneration
due to the colinearity observed between the latter and p-tau (r>0.98,
Figure S1). Moreover, recent publications suggest that CSF NfL may be
a better neurodegeneration biomarker than CSF t-tau for AD.54-5¢

In this study, we considered the associations, and interactions, found
between AB-downstream CSF biomarkers and AS load as the main
results. However, we also performed complementary analyses using
CSF AB42/40 ratio as a proxy of A3 pathology. In these last analyses,
we focused on AB positive participants only, as we found that associ-
ations between CSF Ag and the rest of CSF biomarkers were highly
modified by AB status (see Figure S3). However, even only focusing in
asubset of participants, we found that the results of A3 main effects on
the other CSF biomarkers to be very similar. On the contrary, many of
the interactions found between AD risk factors and Ag load were not
significant with CSF Ag and, also other became significant such as with
APOE-¢4 status on a-synuclein when using CSF Ag. This result may be
related to the fact that, although both measures are usually used as A3
biomarkers, they are measuring different pools of Ag,*? and although
they are usually used as indistinguishable clinical biomarkers, differ-
ences between them has shown to have consequences on future tau
deposition.>” Therefore, it is possible that AD risk factors affect differ-
ently the A production/clearance imbalance (as measured in CSF) and
AB plaque production (as measured in PET), as we have seen ina previ-
ous study of our group with APOE-¢4 status.®

The main strengths of this study are: (1) the availability of many dif-
ferent CSF biomarkers that allowed us to study, in the same individuals,
the relationship between Ag and many other pathophysiological pro-
cesses, which their role in the AD development is still unknown; (2) the
inclusion of many cognitively unimpaired participants with low or very
low levels of A3 deposited in the brain resultingin anincreased statisti-
cal power to detect the earliest changes in the Alzheimer’s continuum;
and (3) the comparison between associations with Ag both measured
in PET and in CSF. Nonetheless, there are also some limitations to note.
The cross-sectional design of this study gives us a picture of all the pro-
cesses occurring but cannot tell us its implications on future develop-
ments. In particular, it is worth noting that mediation models in cross-
sectional data do not allow testing for causality. This will be analyzed
in the follow-up of these participants that is already on-going. Another
limitation was the high correlation between almost all CSF biomarkers
that makes it difficult to disentangle each specific association with Ag.
Finally, due to the exploratory nature of this study, we did not correct
for multiple comparisons. Worth to note, all main associations survived
FDR-correction, but none of the interaction effects did, which may be
due to limited statistical power. Further investigations are needed to
validate these results in independent cohorts.

As a conclusion, our results suggest that AB deposition in the
brain is associated with many biological pathways in very early stages
of the Alzheimer's continuum, notably including neurodegeneration,
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even after accounting for the effect of tau physiopathology. On the
other hand, tau, alone or in combination with neurodegeneration, fully
accounts for the observed association between Ag deposition and glial
response. From a clinical point of view, a better understanding of the
pathophysiological mechanisms triggered by early AD pathology may
provide novel insights to develop therapeutical strategies to interfere
with the course of the disease in preclinical AD stages. Our results
may help to better understand the sequence of events that occur
in preclinical Alzheimer, which can be very valuable in trials design.
More specifically, our results suggest that removing deposited A8 in
the brain may impact on future neurodegeneration. And also that tar-
geting tau pathology, may have consequences on other pathophysio-
logical mechanisms in Alzheimer's, such as inflammation, even at the
earliest stages of the Alzheimer’s continuum. Finally, in the context
of precision medicine for future AD treatments, as suggested by our
results, it may be important to also take into account subject’s char-
acteristics that may modify the course of these mechanisms, such as
age orsex.
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SUMMARY OF RESULTS

In this thesis we have presented four different studies all related to A
deposition in early stages of the Alzheimer's continuum and its downstream
consequences. Our overall objective was related to further advance the
characterization of AR PET alterations observable in these early stages of
the disease. First, we looked at the capability of AB PET to detect the
earliest signs of AB 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
AB biomarkers (study 3). And, finally, in our last study, we investigated the
associations between AR 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
AB PET to detect the earliest signs of AB pathology. To this aim, we
capitalized on having CSF AB measurements in the same participants, and
the well-established fact that CSF AR dyshomeostasis occurs earlier in the
disease progression than cerebral Ap accumulation. Two different cohorts
were merged to study the whole AD spectrum, with a particular emphasis
in subjects with low-intermediate AB load. Using this dataset, we maximized
the agreement between AR 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 AB and, around 30 CL when dichotomized CSF tau/AB
ratios were used.

Following these results, we wanted to elucidate whether visual assessment
could also detect this early AB load. To do so, two cohorts that covered the
whole Alzheimer's continuum with available ['8F]flutemetamol PET scans
were studied. Our results demonstrated that visual assessment performed
by highly trained reader(s) led to high accuracy (k=0.88) in determining A
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 AR 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 AR load measured with
quantification (x?=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 MCERADsor between both groups (all p<0.01). Finally, the
most common patterns of regional AR 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 AB 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 A
aggregation for a given level of AR dyhomeostasis was investigated. Using
two independent cohorts of cognitively unimpaired participants, our study
showed that older age, female sex and APOE-¢4 carriership increased the
AR PET load, for any given level of CSF A. Interestingly, the brain areas
in which these risk factors facilitated AR aggregation were different.
Particularly, older age and female sex, displayed increased AB load in
areas such as precuneus and posterior cingulate, which are well-known
areas of AB deposition. On the other hand, APOE-¢4 carriership showed
increased AB 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 AB 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 AB-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 Ap 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 AB 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 AB load in older participants. Also, steeper increases in
CSF NfL, neurodegeneration marker, and sTREM2 levels were detected in
women for increasing AB load. No significant modifier effects were
observed for APOE-¢4 carriership.

On top of these, the main novelty in this study was discovering a direct
association between AR load and NfL, a marker of neurodegeneration,
independent of p-tau. On the other hand, associations between glial
activation markers and A 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
['8F]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
Salvadé 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-¢4 modify the balance
between soluble and deposited (3-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 Salvadé 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-§8 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,

Dra. Roser Sala Llonch
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DISCUSSION






Alterations in amyloid- (AB) are thought to be the earliest, or one of the
earliest, detectable feature of Alzheimer’s disease (AD). AB PET allows the
identification of AB in the brain, even in cognitively unimpaired individuals.
Throughout this thesis, we have used AB PET to address three main
objectives: first, to detect the earliest signs of pathological cerebral Ap
deposition; second, to assess how the main non-modifiable risk factors for
Alzheimer's dementia affect the amount and pattern of AR deposition and,
finally, to characterize pathophysiological pathways triggered by early AR
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-¢4 carriers and have
a positive family history of AD. These characteristics increased the

143 0



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 A 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 AB PET POSITIVITY

To study the natural history of AB deposition or the effect of
pharmacological interventions on AR load, quantification is fundamental.
However, many factors significantly affect PET-derived measures of A
burden, like the tracer used to obtain the images, how the regions of interest
(ROQIs) are drawn or the pre-processing pipeline used to quantify them. To
improve the comparability of the estimates of AR PET burden, the Centiloid
project was designed and the Centiloid scale (CL) was proposed as a tool
for direct comparison of AB 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 A 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 AR
deposition in the brain and, ultimately, classify subjects as AB positive or
negative. To this aim, we operationalized an AB 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 A, which is supposed to be the earliest marker of AB alterations in
AD (Bateman et al., 2012b, Jack et al., 2013b; Palmquvist et al., 2016).

Another remarkable characteristic of our study that also helped to detect
early signs of cerebral AR was the sample that was studied. As previously
stated, our study included a large number of participants with low-
intermediate A 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 AB 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 AB 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 AR 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 AR negative subjects from
subjects with early AB 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 Ap 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/Ap 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 Ap 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 AR 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 Ap 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 AR 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 AB burden
by visual assessment in our study. First, the selection of participants, which
included a considerable number of participants with low-intermediate AB
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 A
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 Ap pathology. Another strength of our study is
that the three readers of our study had previously reviewed a large number
of AB ['®F]flutemetamol PET scans, including a large number of dubious
cases. This characteristic may have also fostered the detection of earlier
signs of AB in our study.

CHARACTERIZATION OF REGIONAL A
DEPOSITION

Until this point, we have only discussed A 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 AR PET scans (Fantoni et al., 2020). Among others, these studies
showed associations with CSF biomarkers, neuropathological A markers,
and also predicted cognitive decline, supporting its use over
dichotomization of global AB load for some research applications (Grothe
etal., 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 A3
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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 AB load measured with quantification. And it was also confirmed in
the neuropathological cases. Thus, suggesting that regional visual
assessment could serve to grade the AB extent and, therefore, give a more
comprehensive grading of AR 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 A
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 AR 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 AB deposition

The relevance of regional AB information is also highlighted by the results
of our third study, in which we compared the global CSF AB levels with
regional AB PET load. Multiple studies had previously investigated the
associations between CSF A and AB PET (Palmqyvist 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 AB pathology. However, none had previously investigated how these
associations could inform us about differences in regional patterns of Ap
deposition, for similar CSF A levels, associated with Alzheimer's dementia
risk factors. This was a key novelty in the approach of our study.

Our hypothesis of increased AB deposition with increased AD risk was
confirmed for all three risk factors: older age, female sex and carriership of
the APOE-¢4 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 AB deposition, which would have been unnoticed
without the regional information.

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

On the other hand, a completely different behaviour was observed for
APQOE-¢4 carriers. In our study, APOE-¢4 carriers had higher A 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 AB, the APOE-
&4 allele and tau (Therriault et al., 2020b). In particular, we hypothesize that
the increased AP 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-¢4 carriers
are only due to their higher levels of AR pathology (Mungas et al., 2014;
Serrano-Pozo et al., 2015). And recent in vivo studies have shown that the
AB-independent effect of this allele on tau can be only observed in these
early regions (Therriault et al., 2020a; Salvado et al., 2021). Further, tau
propagation seems to be accelerated in areas with elevated A 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-¢4 carriers due to their higher
amount of deposited AB 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 Ap
load may have blurred the analysis, as AB 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 AR
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-¢4 carriership and, most importantly, in
AB load, with more elevated values in the ADNI cohort.

DOWNSTREAM AR MECHANISMS

AB 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,
AB 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 AB 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 AB load, but also to
discover mediation effects among them. Further, we also aimed at exploring
whether some of the associations between AP 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 AB 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 AB 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 A 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 AB (Mila-Aloma 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 AR and facilitate tau production
and/or spreading. On the other hand, some mechanisms reduce cerebral
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AB 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 AR load.

Regarding neurodegeneration, it is well-established that has a tight
association with tau but poor with AB (laccarino 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 AP load and CSF NfL, which is
a marker of neurodegeneration. In light of the previous literature, our
findings suggest that such an AB-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 AB 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 A
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 A and neurodegeneration, our
study revealed an interaction effect with sex. Thus, indicating that for higher
AB load, the AB-derived neurodegeneration was higher in women. Previous
studies have reported higher hypometabolism and atrophy in women,
especially in APOE-¢4 carriers (Holland et al., 2013; Sampedro et al.,
2015), but little data exist on its relationship with AB. 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 AB load was associated
with higher ERC tau burden in women (Buckley et al., 2019b). Further, other
studies have also associated this higher AB 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 AR 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 A load. First, increased AR load was associated with higher
levels of markers of both micro- and astroglia. These associations with AB
PET burden confirmed what our group previously found using CSF A in
the same population, although only in the AB positive group (Mila-Aloma et
al., 2020a). Our findings suggest an early involvement of glial activity in the
progression of the Alzheimer's continuum, once AR plaques are deposited
into the brain. Recent studies, almost contemporary to our project, also
observed elevated levels of CSF glial markers with increased AB 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 AB 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 A,
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 (Suarez-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 AR 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 AB and neurodegeneration, synaptic
dysfunction and glial activation, even with a low cerebral AB 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
AP alterations, the relevance of the regional spread of AB deposition in the
brain and, the study of pathophysiological pathways altered related to AB.
As to the early detection of AB 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 AR abnormalities and be detected by visual
assessment. In relation to the exploitation of the regional information in AR
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-¢4, as compared to the other main risk factors for
Alzheimer's dementia, to foster AB 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 AB-driven and
tau-driven mechanisms of neurodegeneration. The most important
implication of this result is that removal of early AR 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 AR deposition and glial
response.
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CONCLUSIONS

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

2. Visual assessment of AR PET can detect early AB pathology and grade
its extent using regional information.

3. Older age, female sex and APOE-¢4 carriership promote early AR
deposition in different regions of the brain for the same levels of AR
dyshomeostasis. The first two risk factors increment AR deposition in
areas of early AB accumulation, whereas APOE-¢4 carriership was
associated with the spread of AR to areas vulnerable to early tau
pathology, thus potentially promoting its propagation in the brain.

4. Ap 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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APPENDIX: ‘
RESUM EN CATALA

® INTRODUCCIO

La malaltia d'Alzheimer és un trastorn neurodegeneratiu caracteritzat
per l'acumulaci6 de plaques de beta amiloide (AB) i cabdells
neurofibril-lars de tau en el cervell (Scheltens et al., 2016). Es creu que
I'acumulacio d'aquestes dues proteines comporta mort neuronal, que
acaba conduint a neurodegeneracié i, conseqientment, a la disfuncié
cognitiva. Aquestes dues proteines poden ser mesurades en estudis de
neuropatologia, que fins fa relativament pocs anys era la Unica manera
de diagnosticar definitivament la malaltia d'Alzheimer. Tanmateix, en les
ultims anys s'han desenvolupat biomarcadors in vivo per ambdues
proteines, de manera que aquest diagnodstic es pot portar a terme abans
de la mort (Jagust, 2018; Zetterberg and Blennow, 2021). Aquest ha
sigut un desenvolupament clau en camp de 'Alzheimer ja que una gran
proporciéo de casos classificats degut als simptomes cognitius com
deméncia deguda provablement a I'Alzheimer mostraven signes d'altres
patologies en el moment de I'estudi patologic (Beach et al., 2012). Per
altra banda, i potser inclis més important, I's de biomarcadors ha
beneficiat el diagnosis preco¢ (Frisoni et al., 2017), ja que el dipodsit
d'aquestes dues proteines pot comencar fins a una vintena d'anys
abans de l'aparicié de qualsevol simptoma clinic (Jack et al., 2013a).

Gracies a l'aparicié de biomarcadors in vivo, el camp de recerca en
Alzheimer ha anat movent progressivament el seu interés cap a estadis
més inicials de la malaltia. Actualment, la malaltia d'Alzheimer ja no es
conceptualitza només en l'estadi de demeéncia, sind6 més com a un
continu. Aquest continu esta dividit en tres estadis principals: el
preclinic, en el que hi ha patologia Alzheimer en el cervell perd cap tipus
de simptoma cognitiu; el deteriorament cognitiu lleu degut a Alzheimer,
en el qual hi ha simptomes cognitius perd no afecten a les activitats del
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dia a dia; i, finalment, la deméncia d'Alzheimer, en la que els simptomes
cognitius ja afecten a aquestes activitats del dia a dia (Jack et al.,
2013a). En els ultims anys I'estadi preclinic ha rebut més i més atencio
ja que representa una finestra d'actuaci6 per a provar noves
intervencions preventives (Sperling et al., 2014a). Tot i aix0, s'ha de
tenir en compte que aquest estadi no és facil de diagnosticar, ja que no
té cap simptoma clinic, només canvis patologics inicials. Per a fer-ho,
doncs, els biomarcadors in vivo son claus.

Actualment, hi ha un cert consens sobre I'ordre en qué els principals
biomarcadors utilitzats en I'estudi de I'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 I'amiloide-B (AB), primer mesurat en el liquid cefalorraquidi
(LCR) i poc després, mesurat amb I'Us de la tomografia per emissié de
positrons (PET) (Palmqvist et al., 2016). Aquests van seguits pels
biomarcadors encarregats de mesurar els nivells d'acumulacié de la
proteina tau que poden mesurar-se també en el LCR o amb PET. |
després, per biomarcadors de neurodegeneracio que tradicionalment es
valorava amb una ressonancia magnetica (RM) o un PET de
fluorodeoxiglucosa (FDG), tot i que en els ultims anys han aparegut
marcadors en LCR i sang com els neurofilaments lleugers (NfL).
Finalment, I'dltim biomarcador en esdevenir anormal és la cognicio, que
marca la transici6 cap a l'estadi de deteriorament cognitiu lleu.
Tanmateix, és important tenir en compte que hi ha moltes altres vies
patofisiologiques alterades durant el continu de la malaltia d'Alzheimer
que no estan incloses en aquest marc conceptual. Un exemple
important és la neuroinflamacié, que ha mostrat alteracions inclis en
estadis inicials de la malaltia (Suarez-Calvet et al., 2016; Suarez-Calvet
et al., 2016). En els ultims anys, I'aparicié de nous biomarcadors per
algunes d'aquestes vies metabodliques han mostrat la seva utilitat en el
camp de la recerca de la malaltia d'Alzheimer (Molinuevo et al., 2018a;
Mila-Aloma et al., 2019; Zetterberg and Bendlin, 2020). Perd encara hi
ha moltes incognites sobre el seu comportament, sobretot en etapes
incipients del continu de I'Alzheimer. Es 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, siné que a més, pot donar peu
al desenvolupament de nous tractaments que tinguin altres blancs
d'actuacié que no siguin ni la proteina AB ni la tau.

En relaci6 a la técnica de PET d'AB, hi ha dues maneres d'avaluar-la:
visualment o utilitzant métodes automatics de quantificacié6. En
I'avaluacié visual, que és I'unic métode aprovat per la Food and Drug
Administration (FDA) i la European Medicines Agency (EMA), els
participants sén unicament classificats com Ap positius o AB negatius,
sense tenir en compte la informacié regional. La quantificacio, per altra
banda, pot proporcionar informacié més refinada i detallada, ja que
permet una mesura continua i regional de la carrega d'AB, cosa que pot
ser Util per a detectar els primers signes de la seva acumulacié.
Tanmateix, la quantificacio de PET d'Ap té altres limitacions. La més
important és la comparabilitat, cosa que complica la transferéncia
directa de coneixement entre estudis. Aquesta es complica quan entren
en joc diferent tracadors, escaners i/o protocols d'adquisicid 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 I'escala Centigrada en el sentit que té dos punts
d'ancoratge a 0 i a 100, que en l'escala Centiloid corresponen a la
carrega mitjana d'AB d'un grup de subjectes joves sans, i a la d'un grup
de subjectes amb demeéncia d'Alzheimer, respectivament. D'aquesta
manera, uns valors baixos de Centiloid (CL) representen una baixa o
nul-la carrega d'AB, mentre que valors alts de CL impliquen una carrega
alta de la proteina en forma de placa en el cervell.

Un altre métode per mesurar els nivells de patologia AR és mesurar-ho
utilitzant LCR. Estudis previs comparant la classificacié dicotdmica
entre aquest biomarcador i el PET d'AB han demostrat una alta
comparabilitat (Landau et al., 2013; Palmqvist et al., 2014, 2015).
Tanmateix, ambdés biomarcadors presenten importants diferéncies
entre ells. Primerament, és conegut que el LCR i el PET mesuren
diferents tipus d'Ap (Roberts et al., 2017); en el cas del LCR mesura el
desequilibri entre la producci6 i l'eliminacié6 d'AB, mentre que els
tracadors PET només s'uneixen a les plaques denses d'AB i tenen poca
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afinitat per les plaques difuses o I'AB soluble (Rowe and Villemagne,
2013). Un altra diferéncia important entre ambdéds biomarcadors és el
seu rang dinamic. Per una banda, el LCR presenta un rang ampli en els
baixos nivells de patologia A 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 dinamic
en aquests nivells. Aquestes caracteristiques 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'AB. 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’amiloidosis (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'AB i les seves consequéncies derivades. Amb aquest
objectiu global, primer hem utilitzat el PET d'AB per a millorar la deteccié
inicial de patologia amiloide, utilitzant la quantificacié i I'avaluacio visual.
Després, hem investigat si algunes caracteristiques bioldgiques, com
son diferents factors de risc per la deméncia d'Alzheimer, poden
augmentar I'acumulacié d'Ap en forma de plaques per a nivells similars
d'AB en LCR. Finalment, hem investigat diversos mecanismes
patofisiologics derivats de I'acumulacié incipient d'AB observant les
associacions entre la carrega d'Ap i diferents biomarcadors novells en
LCR.
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B OBJECTIUS

L'objectiu global d'aquesta Tesis doctoral és:

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

Amb aquest proposit, els objectius especifics son:

1. Establir llindars sensibles al diposit anormal d'AB utilitzant Ila
quantificacié d'imatges PET d'AR.

2. Determinar la precisi6 i la sensibilitat de I'avaluacié visual de PETs d'AB
per detectar signes inicials de diposit cerebral d'A.

3. Investigar les diferéncies entre la dishomeostasis d'AB soluble i el
diposit d'AB en relacié amb factors de risc establerts per a la deméncia
d'Alzheimer.

4. Descriure els mecanismes patofisiologics derivats del diposit inicial
d'AB en el cervell utilitzant biomarcadors novells en LCR.

B RESULTATS I DISCUSSIO

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

El nostre primer objectiu era el de millorar la deteccié d'Af incipient utilitzant
la quantificacié de PETs d'AB. Amb aquesta meta, hem derivat diferents
lindars de positivitat comparant les mesures continues de PET d'Ap amb els
valors dicotomitzats de biomarcadors d'Alzheimer en LCR, utilitzant llindars
en LCR préviament validats (Hansson et al., 2018; Schindler et al., 2018).
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Amb aquest analisis, 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 transicio entre I'abséencia de patologia i I'existéncia d'una
patologia subtil; i un altre a 30 CL indicant la preséncia establerta de
patologia. Aquests llindars es corresponen amb el que es va trobar en dos
estudis neuropatoldgics contemporanis al nostre estudi (Joie ef al., 2018;
Amadoru ef al., 2020). El llindar més baix es correspon, en el nostre estudi,
al qué maximitza I'exactitud de classificaci6 comparant amb les mesures
dicotomitzades d'AB en el LCR. Per altra banda, el llindar superior, que
pretenia ser més especific, va ser derivat contra mesures dicotomitzades del
ratio tau/AB, que s6n més apropiades per descriure el conjunt de tot el
continu de la malaltia d'Alzheimer. Es 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 area gris (carrega baixa-intermitja d'Ap), el
que va permetre derivar llindars molt sensibles per la deteccié incipient de la
patologia AB.

Perseguint un objectiu similar, el segon treball presentat volia investigar si el
PET d'ApB era capa¢ de detectar patologia incipient d'AB, perd en aquest cas
utilitzant I'avaluacié visual. Es important de destacar que, tot i que la
quantificacio és el métode més emprat en recerca, l'avaluacié visual és
encara I'unic métode acceptat per les agéncies del medicament (FDA i EMA)
per classificar un individu com A positiu 0 AR negatiu en la clinica. D'aquesta
manera, i donat el creixent interés per a detectar els primers signes de
patologia amiloide per assaigs clinics, és de vital importancia avaluar la
sensitivitat d'aquesta mesura, i millorar-la si és possible. Els nostres resultats
suggereixen que l'avaluacio visual feta per experts altament entrenats pot
detectar els primers signes de patologia amiloide amb una exactitud similar
a la quantificacio. Per ser més especifics, I'avaluacio visual va demostrar una
alta exactitud en classificar subjectes quan es va comparar amb els llindars
derivats en l'estudi previ. | quan es va derivar un llindar quantitatiu utilitzant
I'avaluacio visual com a referencia, es va trobar un valor, 17 CL, que es troba
compres 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 informacié neuropatologica, que és el gold
standard per avaluar patologia amiloide. En concret, I'avaluacié visual va
concordar amb la classificacié neuropatoldgica en el 89% de casos (25/28).
| en els tres casos que no van coincidir es va tractar de falsos positius, que
tot i ser classificats com a negatius en I'estudi neuropatoldgic mostraven un
nivell elevat de patologia (Mirra et al, 1991; Ikonomovic et al., 2016).
Suggerint, aixi, que l'avaluacié visual podia detectar nivells dispersos-
moderats de patologia. Aixi, tots els nostres resultats indiquen que
I'avaluacio visual pot detectar carrega incipient de patologia amiloide.

Una altra novetat important del nostre estudi va ser I'avaluacié visual a nivell
regional. Els nostres analisis van demostrar que el nombre de regions
classificades com a positives en 'avaluacio visual estava associada amb la
carrega total d'amiloide quantificada amb I'escala Centiloid. Tot i que aquest
pot ser un resultat fins a un cert punt previsible, aquesta troballa recolza I'is
de l'avaluacioé visual regional ja que permet qualificar I'extensio d'AB en el
cervell. Aquesta eina podria ser de molta utilitat per estadiar subjectes i
rastrejar la progressio de la malaltia. Tanmateix, aquesta hipotesis hauria de
ser corroborada en un estudi longitudinal. Es també destacable, que la
classificacié regional visual també mostrava associacions amb la
quantificacié regional, tant en les imatges PET com en la valoracio
neuropatologica. Finalment, i de manera més inesperada, vam descobrir uns
patrons regionals de positivitat molt especifics. 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 majoritariament eren: les regions frontals o
precuni/cingulat posterior en solitari (estadi 1) o en combinaci6 (estadi 2); i
finalment, aquestes dues regions conjuntament amb qualsevol altra de les
regions corticals o l'estriat (estadi 3). Aquests estadis mostraven una
correlacié significativa amb la quantificacié global. Conjuntament, aquestes
troballes reforcen la hipdtesis del valor pronostic de l'avaluacié visual
regional i clarifiquen els patrons regionals de positivitats esperables en la
clinica.
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En el seglent estudi varem investigar si factors de risc establerts per a la
deméncia d'Alzheimer podien augmentar el dipdsit d'AB en el cervell per a
nivells similar d' AR en el LCR. En ell vam observar que tres dels majors
factors de risc per aquesta malaltia -edat avancada, sexe femeni i ser
portador d'un al-lel APOE-¢4- estaven associats amb un increment de
carrega d'AB, mesurada en imatges PET, pels mateixos nivells d'AB en el
LCR; recolzant la idea que contribueixen d'aquesta manera a augmentar
I'acumulacié d'ApB en forma de plaques. A destacar, les arees en les que
aquestes diferéncies apareixen son diferents depenent del factor de risc
estudiat. En particular, ser portador d'un al-lel APOE-¢4 maximitza la carrega
d'AB dipositada en regions no tipicament afectades per I'AB en les etapes
incipients, sind en arees en les que apareix inicialment la proteina tau (Braak
and Braak, 1991; Schdll et al., 2016). Aixd ens indui a pensar que aquest
al-lel pot facilitar I'expansié d'aquesta proteina fora del cortex entorinal
gracies, precisament, a 'augment d'A en aquesta localitzacid, augmentant
aixi la interaccio sinergetica entre AB i tau (Mungas et al., 2014). Aixo, unit a
'augment de carrega global d'AB ja ampliament 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, I'edat avangada mostra un augment del
diposit d'AB en arees relacionades amb l'inici d'acumulacié d'aquesta
proteina com el cingulat posterior o el precuni (Palmqyvist ef al., 2017). Unes
regions similars son les que també presentaven una carrega incrementada
d'AB en les dones, tot i que menys extenses. Considerant tots els nostres
resultats de manera general, el nostre estudi revela possibles vies
biologiques per les quals els factors les caracteristiques estudiades
augmenten diferencialment el risc de desenvolupar la malaltia d'Alzheimer.

En I'Ultim estudi presentat, I'objectiu era entendre les relacions entre I'AB
dipositat i multiples vies patofisioldgiques secundaries en la malaltia
d'Alzheimer en els estadis inicials de la malaltia, utilitzant biomarcadors
novells en LCR. La importancia 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 util per a poder dissenyar futurs estudis clinics. Es
poden extreure multiples conclusions del nostre ultim treball. El primer que
vam trobar van ser associacions entre I'AB dipositat i biomarcadors en LCR
de patologia tau, disfuncio sinaptica, neurodegeneracio i inflamacié. Aquesta
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troballa estén a individus més joves i sense simptomes cognitius els
resultats préviament reportats en dos estudis contemporanis al nostre (Bos
et al., 2019, Palmqvist et al., 2019a). A més, també mostravem associacions
amb certs biomarcadors de neuroinflamacié -GFAP i sTREM2- que no
havien sigut descrits abans. Aquests resultats emfatitzen la importancia de
la neuroinflamacié ens estadis inicials del continu de la malaltia d'Alzheimer
i demostren que hi ha moltes alteracions bioldogiques en el cervell abans que
aparegui qualsevol simptoma cognitiu.

En uns analisis addicionals vam investigar amb més profunditat les relacions
entre el diposit d'AB i els mecanismes patofisiologics derivats. Estudiant les
relacions entre patologia AR, tau i neurodegeneracid, vam observar que
I'associacio entre AB i el marcador de neurodegeneracio estava parcialment
derivada per la patologia tau. Tanmateix, el més interessant és que hi ha una
part de la associacio entre AR i neurodegeneracié que no depenia de tau. La
literatura prévia suggereix una relacié més estreta entre neurodegeneracio i
patologia tau que amb AB; tanmateix, la majoria d'aquests estudis estan
centrats en etapes més tardanes de la malaltia (laccarino ef al., 2018; La
Joie et al., 2020). La nostra hipotesis és que hi ha una relacio directe entre
AB i neurodegeneracié en etapes inicials del continu, perd aquesta és
sobrepassada per la relacié entre tau i neurodegeneracié en etapes més
avancades. Pel que fa a les relacions entre inflamaci6 i patologia AB, els
nostres resultats apuntaven a que aquestes depenien totalment de la
patologia tau. Aquest resultat esta en linia amb la hipotesis, préviament
publicada, que els nivells de marcadors de glia van en paral-lel d'aquells
relacionats amb la patologia tau (Suarez-Calvet et al., 2016, 2019;
Rauchmann et al., 2019).

Finalment, en aquest ultim 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 analisi vam observar que les
relacions entre sSTREM2, un marcador d'activitat de microglia, i AR eren més
importants en dones que en homes. NfL, un biomarcador de
neurodegeneracid, mostrava una relacié similar. Aquest Ultim fet pot
contribuir a explicar el major risc de desenvolupar la malaltia per part de les
dones, independentment de la carrega de tau (Fisher et al., 2018). Aquest
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fet també esta en conjuncié amb previs estudis que mostren que les dones
amb patologia AR presenten un major declini cognitiu que els homes
(Buckley et al., 2018), donada la intima relacié entre neurodegeneracio i
cognicié (Nelson et al., 2012). Per altra banda, el fet de si el major augment
d'activitat microglial en dones amb carrega d'A és un efecte protector o
perjudicial encara és desconegut i mereix una investigacié més profunda.

Pel que fa a interaccions amb l'edat, vam observar un major nivell de
patologia tau per a carregues incrementals d'AB en individus d'avangada
edat. Aixd suggereix que, un cop comenga a acumular-se I'AB, les persones
d'edat avangada semblen ser més susceptibles a la patologia tau. Tot i ser
la primera vegada que es descriu aquest tipus de relacio, hi ha algunes
explicacions plausibles per aquest fet. Primer, és possible que altres co-
patologies, més probables en gent d'edat avancada, facin el cervell més
susceptible a la patologia tau un cop ja hi hagi AB. Segon, també és possible
que altres mecanismes bioldgics, com ara la neuroinflamacio, vagin
disminuint la seva capacitat protectores en edats més avangades.
Tanmateix, cal més recerca per replicar aquests resultats i confirmar les
nostres hipotesis.

En conclusid, el nostre treball contribueix a expandir el nostre coneixement
sobre el diposit incipient d'AB en el cervell i els seus efectes derivats. Per ser
més precisos, primer preteniem millorar la deteccié incipient d'AB utilitzant la
imatge PET. Per fer-ho, primer hem derivat llindars, significativament
inferiors als préviament publicats, utilitzant la quantificacié de les imatges en
una escala estandard, facilment traduibles a altres tragadors i métodes de
processament. Segon, hem demostrat que l'avaluacidé visual, practica
habitual en la clinica, pot detectar el diposit incipient d'AB i, més important,
qualificar la seva extensié. La informacio regional, que ja es recull en el marc
clinic, ha demostrat proveir informacié extra que pot relacionar-se amb la
carrega d'AB mesurada amb la quantificacié. També hem pogut observar
que tres factors de risc per desenvolupar la malaltia d'Alzheimer -avangada
edat, sexe femeni i I'al-lel APOE-¢4- augmenten el dipdsit d'AB en forma de
placa. Aixo apunta cap a un possible mecanisme bioldgic pel qual aquest
factors podrien augmentar el risc de desenvolupar la malaltia Alzheimer. |,
finalment, en I'Gltim estudi hem demostrat que la carrega d'Ap esta associada
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amb multiples vies patofisioldgiques, fins i tot en nivells baixos de patologia
amiloide. Com a conclusio final, podem dir que les imatges PET d'AB sén
una eina molt valuosa per la deteccié incipient de la patologia amiloide i ens
permeten entendre una mica millor els fendmens inicials que ocorren en la
etapa preclinica de la malaltia d'Alzheimer.

B CONCLUSIONS

1. La quantificacié global del PET d' AR pot detectar els primers signes de
diposit d'AB amb una gran precisid utilitzant llindars quantitatius
significativament menors dels préviament utilitzats.

2. L’avaluacié visual dels PETs d'AB pot detectar els primers signes de
patologia AB i quantificar la seva extensio utilitzant informacié regional.

3. Les condicions d'edat avangada, sexe femeni o ser portador d'almenys
un al-lel APOE-¢4 promou el diposit incipient d'AB en diferents regions
del cervell per nivells similar de deshomeostasi d'AB. En el cas de les
dues primeres condicions, l'increment de dipdsit d'AB es produeix en
arees d'acumulacio inicial d'AB; mentre que en cas de ser portador d'un
al-lel APOE-¢4 esta associat amb I'extensi6 de I'AB en regions
vulnerables a la patologia tau incipient i, per tant, pot contribuir a
I'extensid de I'Gltima pel cervell.

4. El diposit d'AB té un efecte independent de tau sobre la

neurodegeneracié i un efecte totalment dependent de tau sobre la
neuroinflamacioé en les primeres fases del continu de I'Alzheimer.
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