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Abstract
At the centre of Alzheimer’s disease (AD) pathogenesis is the aberrant aggregation of amyloidβ (Aβ) into oligomers, fibrils, and plaques. Effective monitoring of Aβ deposition directly in
patients is essential to assist anti-Aβ therapeutics in target engagement and participant
selection. In the advent of approved anti-Aβ therapeutics, biomarkers will become of
fundamental importance in initiating treatments having disease modifying effects at the earliest
stage. Two well established Aβ biomarkers are widely utilised: Aβ-binding ligands for positron
emission tomography (PET) and immunoassays to measure Aβ42 in cerebrospinal fluid (CSF).
In this review, we will discuss the current clinical, diagnostic, and research state of biomarkers
for Aβ pathology. Furthermore, we will explore the current application of blood-based markers
to assess Aβ pathology.
Key Words: amyloid-β (Aβ), Alzheimer’s disease, dementia, biomarkers, cerebrospinal fluid,
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1. Introduction
Alzheimer’s disease (AD) is the predominant cause of dementia, characterised by memory
impairment and cognitive decline which severely impacts on daily living. AD is an age-related,
progressive and irreversible neurodegenerative disorder that eventually leads to synaptic
dysfunction and neuronal damage in regions of the brain essential for higher cognitive function.
The socioeconomic consequence of AD is of great concern. There are more than 40 million
worldwide dementia sufferers, mostly older than 60 years of age, a number which is expected
to exceed 115 million by 2050 [1]. Alarmingly, these projected increases in dementia
prevalence are proportionally much higher for developing countries than for Western Europe
and the USA, which already have much older populations [2]. The global economic burden of
dementia care is currently estimated at $604 billion and in a similar fashion to prevalence rates
this figure is set to rapidly increase, with a projected 85% rise in costs within the next 20 years.

Still to this date the diagnosis of AD can only be confirmed, with any certainty, by histological
examination of brain tissue at autopsy. In addition to gross cortical atrophy, widespread cellular
degeneration and neuronal loss, pathological

inspection should demonstrate substantial

evidence of the classical pathological hallmarks of AD; intracellular neurofibrillary tangles
(NFT) consisting of hyperphosphorylated tau protein and extracellular amyloid plaques.
Plaques consist of extracellular aggregates of the 42 amino acid-long amyloid-β peptide
(Aβ42), as well as N-terminally truncated forms thereof, a consequence of proteolytic cleavage
of amyloid precursor protein (APP) [3]. Thus far, genetic (reviewed in [4]), biochemical
(reviewed in [5]), pathological (reviewed in [6]) and cellular (reviewed in [7]) studies strongly
indicate that the disparity in the production and effective clearance of Aβ is the fundamental
event that leads to dementia [8, 9]. Alternative hypotheses suggest that Aβ is a necessary but
not sufficient event leading to dementia and its accumulation is in parallel with other
pathological events [2, 10, 11]. As reviewed below in greater detail, some researchers describe
diffusible Aβ aggregates as causative agents in a linear model of AD pathogenesis [5], whereas
others argue for a more complex model in which Aβ deposition and racemization are a match
that eventually induce critical downstream changes, including tau phosphorylation, microglial
activation and cerebrovascular changes, that together interact to cause neurodegeneration [7].
According to this model, the direction of causality may vary, at least in the sporadic form of
the disease; for example, cerebrovascular changes may induce amyloidogenic APP-processing
and Aβ aggregation, opening the possibility for vicious feed-forward loops.

Although an age-related disease, usually affecting people over the age of 65, it has been widely
shown that the accumulation of Aβ plaques begins 15-20 years prior to clinical presentation
[12] and have reached a plateau when the onset of cognitive, functional and behavioural decline
occurs [13] making an early diagnosis problematic. The clinical diagnosis for probable AD is
still largely based upon progressive memory impairment and a decline in cognitive state.
Recent modifications to the diagnostic criteria have recognised the significant role of
biomarkers assessing Aβ by in vivo positron emission tomography (PET) and cerebrospinal
fluid (CSF) analysis for preclinical, prodromal and phenotypical AD [14] . In the same manner,
Aβ imaging and fluid biomarkers are fundamental inclusion criterion to support diseasespecific trials, targeting the amyloid hypothesis, in participant selection and proof of target
engagement [15]. In this review, we will discuss the current state of biomarkers for Aβ
pathology, including their diagnostic performance and how they can be used in clinical
diagnostic and research settings to support or exclude a diagnosis of AD.

2. Aβ in Alzheimer’s disease
Research advances during the past two decades have produced detailed knowledge on the
underlying disease mechanism of AD, which is centred around the proteolytic cleavage of APP.
Typically, the cleavage of APP occurs by the sequential action of α-secretase and γ-secretase
to produce non-amyloidogenic products (the non-amyloidogenic pathway). The initial cleavage
of α-secretase releases a large soluble ectodomain of APP (sAPPα) and a carboxyl terminal
fragment (αCTF) [16] which is further cleaved by γ-secretase to produce the APP intracellular
cytoplasmic domain (AICD) and soluble peptide P3 [17]. However, a proportion of APP is
cleaved by β-secretase (BACE1) to produce sAPPβ and βCTF. The subsequent cleavage by γsecretase produces Aβ fragments and AICD which are transported, via exocytosis, to the
extracellular space [16, 18, 19]. The predominant forms of Aβ produced by the amyloidogenic
pathway are Aβ38, Aβ40 and Aβ42, of which the latter has a tendency to aggregate, working
as a seed for plaque deposition [20] but also Aβ-approximate peptides exist as neurotoxic
dimers, oligomers, protofibrils and fibrils [21, 22]. Subsequent diffuse Aβ plaque formation
leads to localised microglial activation, cytokine release, astrocytosis and a multi-protein
inflammatory response [23, 24]. The “amyloid cascade hypothesis”, has been the prevailing
theory to explain AD pathogenesis [9]. This model suggests that Aβ aggregation acts as a
pathological trigger leading to neuronal injury, NFT formation and cell death which underpin
neurodegeneration and cognitive decline in AD [8]. Recent evidence suggests that the failure

or imbalance of A clearance, rather than APP mismetabolism, is the major contributor to toxic
deposition in the sporadic form of the disease [25, 26]. This would attribute mechanisms
implicated in the degradation of Aβ (i.e., neprilysin, insulin degrading enzyme (IDE),
intracellular lysosomal degradation and microglia activation) of central importance in the
development of A pathology [18, 27].

In recent years, with the amyloid cascade hypothesis as the driving force, the development of
disease modifying AD therapeutics has focused on targeting the production or clearance of Aβ
with the aim to inhibit its toxicity. These include; secretase inhibitors to reduce the production
of Aβ fragment by APP mismetabolism, Aβ aggregation inhibitors to prevent fibrillization and
finally, active and passive immunotherapy which aim to capture soluble or aggregated Aβ for
clearance from the brain (reviewed in [28, 29]). Disappointingly, findings from Phase III
passive immunotherapy trials targeting Aβ have so far reported no cognitive benefit in mildto-moderate sporadic AD. These worrying results have challenged the Aβ-centric theory,
questioning if Aβ is simply a consequence and not a cause of AD pathogenesis. Nonetheless,
these failures could also be attributed to logistical shortcomings; i) such trials recruited
participants with established dementia, who are likely to be too far advanced in disease state to
have a positive clinical benefit using this type of therapeutic; ii) recruitment criteria were purely
based upon non-specific clinical assessments and therefore participants without the target
pathology were likely to be included. In fact, the estimated contribution of Aβ-negative
participants recruited into Aβ-targeted trials was estimated to be >25%, demonstrated by
retrospective Aβ PET imaging [30]. This highlights the importance for a biomarker-driven
participant selection which will also have major impact on clinical decisions when prescribing
Aβ-targeting drugs once these are available. At this time, on-going Phase III passive
immunotherapy trials (Aducanumab, Crenezumab, Gantenerumab and Solanezumab) are
targeting preclinical and/or mild AD with all participants recruited with supporting Aβ
biomarker evidence – these trials reach completion during 2019 and 2020. An additional
application of Aβ biomarkers would be their implementation into proof-of-principle Phase I
trials [31] and/or proof-of-concept Phase II clinical trials [32] to assist in the triage of potential
drug candidates. Some researchers would point towards the premature acceleration of poor
drug candidates as a significant contributor to the number of failures in AD therapeutics. It has
been commonplace to examine the capabilities of an Aβ reducing molecule in transgenic AD
mice models, and if successful, examine said drug in large and expensive clinical trials without

sufficient evidence of target engagement in humans. Consequently, biomarkers that detect and
monitor biochemical effects of the drug are common in the early development of an AD drug
[30].

3. Imaging Biomarkers for Aβ pathology
The distinctive strength of Aβ-imaging across a clinical spectrum is the spatial nature of the
quantitative information it provides, which fluid biomarkers simply cannot offer [33]. The
development of Pittsburgh Compound B (PiB), a derivate of thioflavin-T, for the in vivo
assessment of Aβ pathology, transformed the approach to AD in both a clinical and research
setting allowing for significantly more advanced investigations. With a high affinity to fibrillar
Aβ plaques, carbon-11 (11C) -labelled PiB has long been the most utilised Aβ tracer [34, 35].
The major disadvantage of an
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C -labelled tracer, however, is the 20-minute half-life of the

positron emitting isotope, limiting its use to centres with an onsite cyclotron. The advancement
of “second generation” fluorine-18 (18F) -labelled ligands, with a half-life of

18

F of 110

minutes, has fostered wider availability for Aβ PET, allowing for centralised synthesis and
regional distribution. Encouragingly, Aβ specific 18F tracers have replicated findings from 11CPiB studies in AD [36-39]. To date, three 18F Aβ specific radiotracers have been approved by
the FDA and EMA for clinical use; 18F-flutemetamol (Vizamyl®), 18F-florbetapir (Amyvid®)
and 18F-florbetapen (Neuraceq®). Criticisms of the 18F tracers are an apparent inferior corticalto-white matter ratio compared with 11C-PiB and this has been attributed to a reduced overall
cortical retention and higher non-specific white matter binding [40]. In preliminary studies,
another (“third generation”) Aβ PET tracer,

18

F-NAV4694 (formerly known as AZD-4694),

has demonstrated the ability to visualise small Aβ cortical deposits at the early stage of the
disease due to reduced white matter binding, comparable to 11C-PiB, but with the advantage of
a longer half-life. Furthermore, 18F-NAV4694 and 11C-PiB have been shown to have identical
retention ranges and binding kinetics with an excellent correlation in cortical retention [40].

Aβ imaging has evolved from being exclusively a research tool to be integrated into clinical
criteria for AD [26, 41], mild cognitive impairment (MCI) [42] and preclinical AD [26] plus at
the forefront of anti-Aβ trials. Assistance from Aβ PET has ensured superior subject selection,
assessing target binding and evaluating treatment response of participants [30]. Inevitably, the
use of several different Aβ tracers across trials, clinics and research centres has highlighted a

multi-centre issue. The “Centiloid-scale” for the conversion of semi-quantitative estimates in
Aβ PET imaging has been developed to produce a common quantitative output value to
improve the application and comparison of Aβ imaging across different tracers. Currently, all
18

F tracers are being cross calibrated against 11C-PiB [43].

Aβ imaging in Alzheimer’s disease
Visually assessed and quantitative PET studies that use diverse Aβ tracers have consistently
verified an increase in retention between AD and elderly controls, with the binding typically
elevated in the frontal, cingulate, precuneus, striatum, parietal and lateral temporal cortices [12,
44-46]. Often the occipital, sensorimotor and mesial temporal cortices have a tendency to be
less effected [45]. This regional distribution visualised by Aβ PET retention closely follows
the sequence of Aβ burden highlighted by post mortem studies [47-49]. However, owing to the
long delay between the onset of disease pathophysiology and clinical manifestation, it has been
difficult to ascertain the earliest regions of Aβ deposition. Neuropathological post mortem
staging of Aβ phases demonstrate the frontal, parietal, temporal and occipital lobes occupying
the preliminary stages of deposition in AD [50]. On the other hand, studies employing PET
have demonstrated that the temporo-parietal junction and the precuneus are regions of early
Aβ accumulation, while the lateral and inferior temporal cortex are proposed for monitoring
Aβ deposition in the symptomatic stages [45]. More recently, hierarchical regional staging of
Aβ deposition further suggested that the temporobasal and frontomedial areas are first affected
[51]. To address this long-standing question, Palmqvist and colleagues [52] identified regions
of early accumulation by the novel stratification of individuals by both Aβ PET and CSF
biomarkers. Cross-sectional studies had previously indicated that CSF Aβ42 changes precede
changes in Aβ PET standard uptake value ratios (SUVR) [53-56] with a recent longitudinal
data adding further confirmation [57]. This signifies that individuals with AD may be initially
classified as “CSF+/PET-” before converting to “CSF+/PET+” at a later stage. Using this
methodology, a significant increase in Aβ accumulation was observed in the precuneus,
posterior cingulate cortex and orbitofrontal cortex when examining individuals with early
accumulation (CSF+/PET-) against no measurable Aβ accumulation (CSF-/PET-) [52].
Furthermore, increased retention in the medial orbitofrontal and posterior cingulate cortex at
an even earlier stage was observed in individuals who converted from CSF-/PET- to
CSF+/PET- within two years in comparison to stable CSF-/PET-. This study specifically
highlights regions within default mode network (DMN) and to a lesser extent the frontoparietal

network as being associated with the very earliest signs of Aβ accumulation [52] but more
generally centres in the brain with higher levels of connectivity. Aβ accumulation within the
DMN has been previously reported in cross-sectional studies [58, 59] and it is suggested that
enhanced activity or the metabolic demand of neurones located within the DMN exacerbate
Aβ deposition [52]. Longitudinal studies of asymptomatic mutation carriers (PSEN1 and APP)
have consistently demonstrated initial Aβ depositions occur distinctly in the striatum, which is
not observed in sporadic AD [60-62].

There are rare exceptions to the general rule of increased Aβ PET retention in AD (e.g. Arctic
APP [APParc] mutation carriers). When considering autosomal-dominant AD (ADAD)
mutation carriers, most cortical regions demonstrate increased PET retention except for the
sensorimotor cortex [60, 61, 63-66]. It has been revealed that carriers of APParc mutation do
not have ligand retention as shown by low
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C-PiB binding [67, 68] despite having Aβ

pathology and positive AD-typical biomarkers (glucose metabolism, medial temporal lobe
atrophy, and CSF Aβ and tau changes) are all present in the same subjects [68]. The absence
of cortical 11C-PiB retention is suggested to be caused by the amplified promotion of protofibril
production due to a glutamic acid substitution in the Aβ peptide [69]. Consequently,
neuropathological assessment of APParc mutation carriers demonstrated a lack of Aβ densecore plaques which would preclude positive Aβ-imaging [68]. These studies further support
the notion that Aβ oligomers, not Aβ fibrils, are the pathogens that inflict synaptic damage and
cognitive decline. The presence of the apolipoprotein E (APOE) ε4 allele is the most common
genetic risk connected to sporadic AD and has been linked to earlier age of onset and a gene
dose-dependent higher risk of developing AD [70, 71]. ApoE plays a role in Aβ metabolism
and independent of clinical diagnosis APOE ε4 carriers present substantially higher Aβ
deposition than non-carriers at an earlier age [72, 73]. Despite this relationship, APOE ε4
dosage does not affect the rate Aβ deposition over-time [13].
In the MCI population, Aβ imaging has shown that 50-70% display AD pathology [74, 75]. In
several studies, a non-amnestic MCI diagnosis has consistently low Aβ binding and therefore
a non-AD phenotype [12]. While there is a general agreement that Aβ burden only displays a
weak correlation with memory impairment or disease severity, MCI patients demonstrate a
consistent link between elevated Aβ retention and poorer episodic memory performance [76,
77].

In the healthy ageing population, it has been repeatedly shown that 25-35% exhibit Aβ PET
SUVRs considered to be elevated Aβ burden, predominately in the prefrontal and posterior
cingulate regions [78-80]. This figure is similar to what was previously reported by earlier post
mortem studies [81, 82]. However, despite being cognitively normal, the presence of elevated
Aβ burden put this group at far greater risk to disease conversion than individuals with low Aβ
PET SUVRs [83, 84]. In fact, longitudinal Aβ imaging studies have shown that the probability
of cognitively unimpaired individuals with low Aβ burden developing AD is exceptionally low
[12, 85].

Aβ imaging has added conclusive evidence to indicate that Aβ deposition occurs decades
before the clinical onset of AD [6, 13] and that cognitively healthy individuals with high Aβ
burden are at significant risk to cognitive decline [40, 86]. It is this group of individuals that
are the most likely to benefit from on-going therapies targeting Aβ clearance or production to
halt the progression of AD [26]. Yet, the significant minority who exhibit Aβ burden who are
absent of cognitive impairment, together with lack of strong relationship between Aβ burden
(by PET) with cognition and atrophy in AD suggests that Aβ burden alone cannot cause
neurodegeneration but indirectly via other processes such as the propagation of tau outside of
the medial temporal lobe [87]. In addition to this, Aβ imaging which measures the fibrillar
deposits may not correlate with cognitive decline as it has been suggested that soluble Aβ exists
as the neurotoxic form.

Aβ imaging in other dementias
Aβ imaging has also been applied to a wide range of dementia-related conditions. While
frontotemporolobar degeneration (FTLD) and Creutzfeldt-Jakob disease (CJD) exhibit no Aβ
burden, a large number of dementia with Lewy bodies (DLB) patients (50-80%) demonstrate
a cortical Aβ deposition distribution pattern similar to AD in both post mortem [88] and in vivo
A PET studies [89]. DLB patients with negative A scans have been neuropathologically
confirmed to have low A burden [90]. Commonality in early cognitive signs with AD makes
a differential diagnosis of DLB difficult and with a mixed DLB/AD pathology commonly
found at post mortem, A PET may be only useful in identifying the relatively rare pure DLB
cases [91]. CAA is distinguished by localised Aβ deposition in small arterioles of the cerebral

cortex. Aβ 11C-PiB has demonstrated a posterior retention in CAA individuals that is distinct
from a pattern typically observed in sporadic AD [92]. Further to this, focal Aβ deposition has
been shown to be helpful in highlighting new posterior microhaemorrhages that are usefully
attributed to CAA patients [93]. Cortical Aβ is not usually consistent with non-dementia
Parkinson’s (PD), with no Aβ PET retention observed; conversely when dementia is present
with PD (PDD) both vascular and cortical Aβ deposition are present. Aβ PET scans have been
shown to determine which idiopathic normal-pressure hydrocephalus (iNPH) patients will
benefit from shunt surgery by discriminating concomitant AD [94]. With Aβ not being a
pathological trait in FTLD and the clinical onset of the disease being similar to other dementias,
Aβ PET has been useful in the differential diagnosis between FTLD, different FTLD aphasias
and AD [95]. Furthermore, the diagnostic performance of Aβ imaging has proven to be more
accurate than FDG when diagnosing FTLD [96].

4. Cerebrospinal Fluid (CSF) Biomarkers for Aβ pathology, including A response
markers
The best-established fluid biomarkers for AD are CSF concentrations of total tau (T-tau),
phosphorylated-tau (P-tau) and A42 [97]. Consistently, a marked increase in both T-tau and
P-tau in AD, accompanied by a decrease in CSF Aβ42 (reflecting deposition of the protein in
the brain parenchyma) has been found [97]. In the heterogenous MCI population (where
approximately 50% have AD) it has been shown that CSF Aβ42 changes (coupled with T-tau
and P-tau changes) have already occurred in those individuals who progress to clinical AD
[98]. Importantly, CSF Aβ is stable at follow-up when patients have reached dementia stage,
indicating that Aβ levels do not change during the clinical phases of the disease. Hansson and
colleagues [99], demonstrated that cognitively stable MCI patients do not have the typical AD
biomarker profile, while progressive MCI patients could be identified with 95% sensitivity and
92% specificity against elderly controls and 83% specificity against stable MCI cases. Further
to this, longitudinal studies in presymptomatic individuals have demonstrated that CSF Aβ42
changes are first detectable in the middle aged (45-54 years) and this is associated with later
Aβ PET positivity and cognitive decline [100].During the past five years, it has been confirmed
that CSF A42 indeed is a reliable marker of Aβ (senile plaque) pathology in the brain (as
determined at autopsy or through Aβ PET studies), especially when measured in a ratio with
CSF A40 [101]. The CSF A42/A40 ratio has been shown to have improved diagnostic

accuracy for Aβ pathology in AD as A40 acts as a normalization factor for total Aβ
production, which otherwise could produce false-positives or false-negatives if not
compensated for [102].

In addition, several byproducts of the proteolytic cleavage of APP, generating a variety of A
species, can be measured in CSF [103-107]. However, these markers are still at preliminary
investigation or show no association with AD while others have been shown to reflect target
engagement in clinical trials [108, 109]. For CSF T-tau and P-tau, the interpretation is less
clear; tau markers are robustly increased in AD CSF [97], but the exact mechanism remains
unclear [110]. Some data suggest that neurons exposed to Alzheimer-associated factors such
as A may increase their secretion of both tau proteins [111]. Neurons who respond in this way
may eventually accumulate tangle pathology and degenerate. In spite of these uncertainties, the
diagnostic performance and clinical utility of CSF T-tau, P-tau and A42 are undisputed: new
diagnostic algorithms including CSF biomarkers have been formulated [112], automated
routine clinical chemistry assays for the markers are now becoming available [113] and
standardization efforts to harmonize assays are well underway; reference methods for A42
have been formally certified by the Joint Committee for Traceability in Laboratory Medicine
(JCTLM database accession numbers C11RMP9 and C12RMP1) [114, 115] and validated
against amyloid PET [116], and a reference material for CSF A42 was recently released
(ERM®-DA480/IFCC, ERM®-DA481/IFCC and ERM®-DA482/IFCC). Similar work is
ongoing for CSF tau biomarkers.
The concordance of CSF Aβ and Aβ PET
There is now conclusive evidence as assessed in large cohorts with disease and age-matched
controls that a good inverse correlation between Aβ PET and CSF Aβ42 exists (reviewed in
[101]), while no correlation between Aβ PET and CSF T-tau or P-tau has been reported [91].
Overall there is an agreement of ~88% in classifying Aβ+/- individuals, which is increased
when assessing only clinically defined dementia (94%). A positive CSF investigation in the
absence of a negative Aβ PET is more likely than the opposing. This is likely due to CSF
changes occurring earliest and the disparity in measuring insoluble fibrillar Aβ versus soluble
diffusible Aβ species [100, 117].

5. Blood-based biomarkers for Aβ pathology

Both imaging biomarkers and CSF measurement of Aβ work well to identify AD
pathophysiology. Nonetheless, PET imaging is costly, and access is limited to specialised
centres. Therefore, it is seemingly unlikely to be implemented widely in a general routine
assessment for cognitive complaints. CSF sampling is becoming routine in neurology clinics
and the cost for the AD CSF assays are much lower per patient than for PET scans. For some
clinicians, a lumbar puncture may be regarded as complicated, time-consuming and/or
invasive. Therefore, a blood-based measure for AD or AD pathophysiology would have
significant practical advantages for clinicians as well as being more attainable to patients.

It has been difficult to establish robust blood biomarkers for A pathology in AD. A peptides
can be measured in plasma but historically the correlation with AD and/or cerebral amyloidosis has been absent or weak (statistically significant but clinically meaningless) [97].
Plasma A concentrations have been interpreted as potentially influenced by production in
platelets and other extra-cerebral tissues and the measurements have been confounded by
matrix effects from plasma proteins [118]. Furthermore, the vast majority of peripheral Aβ
studies have concentrated on plasma/serum which do not take into account the substantial
amounts of peptides bound to plasma proteins and blood cells [119]. However, this view is
now starting to change. Recent mass spectrometric studies suggest that a ratio of a certain APP
fragment (APP669-711) to A42 or A42/A40 identifies A-positive individuals with high
sensitivity and specificity [120-122]. Nakamura and colleagues have described the accuracy of
predicting
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C-PiB in the AD/MCI and cognitively normal population at 91% and 87%,

respectively [122]. These results are in line with earlier data obtained using the ultrasensitive
Simoa technology by which the sample can be diluted to remove confounding matrix effects
in the Aβ measurement [123]. In this study it was also shown that plasma Aβ42 was decreased
in AD compared with MCI, subjective cognitive decline (SCD) and controls, whereas, the
Aβ42/Aβ40 ratio could distinguish MCI from controls (please add ref here as well to make it
very clear).

The most promising blood candidate for neurodegeneration to date is neurofilament light
(NFL), which has shown to be reflective of CSF NFL [124, 125] and to be elevated in AD
[125]. In addition, plasma NFL has been shown to be highest in AD and MCI cases with
positive Aβ PET scans and reduced Aβ42 CSF biomarkers changes [125]. However, as NFL

concentration also correlates with Aβ-independent conditions (poor cognition, MRI atrophy
and NFT pathology) and is increased in non-AD neurodegenerative diseases [126, 127], it is
likely that plasma NFL is a measure of generalised and on-going neurodegeneration, not of Aβ
pathology per se. Nonetheless, as the amyloid cascade hypothesis suggests that Aβ deposition
is the main initiator behind events that result in neurodegeneration, therefore a clear link
between elevations of NFL in response to Aβ burden, if present, can be made.

In the advent of large well characterized research cohorts that now include Aβ PET and/or CSF
Aβ measures as routine, the opportunity to use an “endophenotype” approach to discover
peripheral markers of Aβ pathology is ever increasing. Pilot data suggest associations of the
concentrations of a number of plasma proteins (e.g., pancreatic polypeptide Y, IgM, chemokine
ligand 13, interleukin 17, vascular cell adhesion protein 1, 2-macroglobulin, apolipoprotein
A1, fibrinogen gamma chain, interleukins and complement proteins) and metabolites with Aβ
burden in the brain [128-134]. However, these data should be interpreted with some caution,
as they are derived from multi-marker panels and as a mechanistic understanding of the
associations is currently lacking. The majority of these endophenotype studies have been
confounded by the imbalance of AD/MCI individuals in the Aβ+ group. Only a small number
of studies have focused purely on cognitively normal participants with Aβ burden [128, 131].

6. Future perspectives
Utilising the advantages Aβ imaging – CSF measures of Aβ accumulation seem to precede
global Aβ PET changes (CSF+/PET-). However, spatial information of Aβ imaging has
recently shown to highlight regions of early accumulation that later demonstrate CSF
biomarkers changes (CSF-/PET-) [52]. This finding should have practical implications for the
enrolment of participants to anti-Aβ trials where there is evidence of Aβ accumulation (early
CSF changes or even earlier regional PET changes) but before neurodegeneration has set in.
At the present time 11C-PiB, and analogues thereof, detect Aβ plaques, mainly consisting of
insoluble fibrils of Aβ. Insoluble Aβ does not correlate well with disease progression and
soluble Aβ is a better marker of disease status. Therefore, aggregates rather than Aβ plaques
have been the focus in recent diagnostics and therapeutics. This highlights the pressing need
for an imaging agent that can visualise soluble Aβ aggregates. Recently, Sehlin and
colleagues [135] have successfully demonstrated, in two mouse models, the use of an

antibody-based (mAb158) PET ligand selective for Aβ protofibrils for brain imaging. This
has a potential implication in a number of neurodegenerative disorders as it demonstrates
the feasibility of antibody-based in vivo imaging of proteins aggregates for such as αsynuclein, tau or TDP-43.

New biomarkers for Aβ plaque pathology - whilst neurons secrete Aβ species starting at amino
acid 1 (the BACE1 cleavage site at APP), plaques contain a lot of Aβ (most of which ends at
amino acid 42) that is N-terminally truncated (e.g., Aβ4-42) and pyroGlu-modified (e.g.,
pyroGluAβ3-42 or 11-42). Potentially, these Aβ species form in the plaques and could serve
as fluid-based biomarkers for cerebral Aβ pathology. Ultrasensitive assays could potentially
trace such brain-derived Aβ forms in the blood, which would solve the problem with
contamination of the signal by Aβ1-42 derived from extracerebral tissues. There are also many
Aβ forms that are either being produced from APP or have been found in brain tissue that could
be explored as potential Aβ pathology or toxicity markers. These include N-terminally
extended Aβ forms that span the BACE1 cleavage site of APP [103, 136-138] and Aβ forms
that extend C-terminally towards the δ- and ε-cleavage sites at amino acids 45, 46, 48 and 49
[139]. As no reliable assays presently exist to measure these Aβ forms to assess their
pathophysiological relevance and relation to disease state, they were jokingly referred to as
“the dark matter of Aβ” at the Clinical Trials in Alzheimer’s disease (CTAD) conference in
2017.

Blood-based challenges and approaches – There are considerable challenges ahead in
developing a blood-based marker that can accurately reflect Aβ pathology and working groups
are taking steps, taking lessons from the CSF community, to standardize pre-analytical
variables [140]. Without a doubt, blood measures of tau and NFL are the leading blood-based
candidates for AD but the view-point on peripheral Aβ species is changing and should be revisited. The constant evolution of sensitive instrumentation targeting single putative
candidates, guided by unbiased discovery methodologies, mean the prospect of clinically
meaningful blood-based biomarker for Aβ pathology and/or AD is a genuine possibility.
Novel targets that associate with Aβ plaque pathology have been suggested in abundance and
should be taken with caution whilst a mechanistic link can be established. To date, blood-based
studies using an Aβ pathology endophenotype design have almost exclusively utilised global

measures of Aβ-imaging as a surrogate marker. With recent evidence demonstrating the earliest
signs of Aβ accumulation to be visible in the CSF [57] or regional specific PET [52], such
studies should now be adopting these modalities as more accurate endophenotypes of early Aβ
accumulation.

7. Executive summary
Aβ in Alzheimer’s disease


The “amyloid cascade hypothesis”, has been the prevailing theory suggesting that Aβ
aggregation acts as a pathological trigger leading to neurodegeneration.



Development of AD therapeutics have focused on targeting the production or
clearance of Aβ with the aim to inhibit its toxicity, prevent plaque build-up and/or
plaque clearance.



Accurate Aβ imaging and fluid biomarkers are critical to support disease-specific
trials in participant selection and proof of target engagement

Imaging Biomarkers for Aβ pathology


Aβ (11C and

18

F) PET imaging has added conclusive evidence that Aβ deposition

occurs decades before the clinical onset of AD. Aβ PET studies have consistently
found an increase in retention between AD, MCI and elderly controls.


Regions within default mode network (DMN) have been shown to be the very
earliest cortical area of Aβ accumulation, even preceding CSF Aβ changes.

Cerebrospinal Fluid (CSF) Biomarkers for Aβ pathology, including A response
markers


A decreased CSF A42 is a reliable marker of Aβ (senile plaque) pathology and the
CSF A42/A40 further increases diagnostic accuracy for Aβ pathology in AD.



CSF Aβ42 positive biomarkers precede a positive global PET SUVR signal.



Validated reference material for CSF A42 has been certified and is now available.

Blood-based biomarkers for Aβ pathology


Aβ species in blood have been widely shown to be not clinically relevant however;
the measurement of the APP669-711/Aβ42 ratio has been shown to be predictive of
Aβ plaque pathology with high accuracy.

Future perspectives



Fluid-based ultrasensitive assays that target novel Aβ species found in plaques (Nterminally truncated or post-translational modified) could serve as more accurate
markers Aβ pathology (particularly in blood).



Better endophenotype stratification (regional PET or CSF Aβ42) may foster
improved and early peripheral panels for Aβ burden.
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