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Abstract

Amyloid and tau biomarkers for Alzheimer’s disease are widely
recognized diagnostic tools for the identification of Alzheimer’s
disease pathology antemortem and are recommended by
the most recent clinical and research guidelines. Approved
biomarkers include positron emission tomography (PET)- and
fluid-based markers derived from cerebrospinal fluid and,
more recently, plasma. These biomarkers are still infrequently
used in clinical practice, potentially due to challenges in
access to and understanding of individual assay information
and methodology. We provide an overview of the diagnostic
biomarkers for amyloid and tau pathology that are currently
available in the US and/or EU for clinical use. Available
performance data from both labels/instructions for use and
the scientific literature (with focus on autopsy or PET as
standard of truth) are summarized to help healthcare providers
navigate the biomarker landscape. All available PET amyloid
and tau biomarkers demonstrate high accuracy in identifying
amyloid and tau Alzheimer’s disease pathology, respectively,
at autopsy. Among cerebrospinal fluid biomarkers, all
showed accurate prediction of Alzheimer’s disease pathology,
either based on autopsy or PET findings; greater accuracy
was evident for concentration ratios (Ap42/40 or P-taul81/
AP42) versus individual biomarker concentrations. Among
plasma biomarkers, Ap42/40 and P-taul81 demonstrated
high agreement with PET findings. Overall, we conclude that
commercially available PET, cerebrospinal fluid and plasma
assays accurately identify Alzheimer’s disease amyloid and tau
pathology. The recent development of fully automated tests for
fluid-based biomarkers improves test reliability. The continued
development of plasma biomarkers holds promise for the future
management of patients with Alzheimer’s disease.
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Introduction

1zheimer’s disease (AD) is a neurodegenerative
Adisease characterized by progressive cognitive,
functional, and behavioral impairment. From a
neuropathological standpoint, the 2 hallmarks of AD are
the accumulation of extracellular B-amyloid (AB) plaques
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and intracellular neurofibrillary tangles (NFTs). Based on
current understanding, the accumulation of AB plaques,
NFTs and their mutual interactions trigger downstream
pathological changes, including neurodegeneration (1).
These neuropathological changes may begin decades
before they manifest as clinical impairment (2, 3).

Historically, a definitive diagnosis of AD was only
feasible through post-mortem examination. This is, in
part, a reflection of the shortcoming of clinical diagnosis;
it is well recognized that a considerable proportion
of individuals with a diagnosis of AD based solely
on clinical criteria do not have substantial amyloid
and/or tau pathology at autopsy (4). Over the past 2
decades, however, several biomarkers of amyloid and
tau pathology have been developed to assist with more
accurate ante-mortem diagnosis. Recently (2018), the
Amyloid-Tau-Neurodegeneration (ATN) classification
was proposed as a research framework that requires
abnormal biomarker measures of amyloid (A+) and tau
(T+) to diagnose AD with neurodegeneration status (N=+)
being a non-specific, but useful, indicator of disease stage
(5, 6). In this framework, an A+ status is sufficient to place
an individual on the AD continuum. It is now the general
consensus among leaders in the field that biomarker-
confirmed presence of AD pathology is required for a
clinical diagnosis of AD (7).

Confirming underlying pathology for AD diagnosis
is crucial in light of the continuing focus on the
development of disease-modifying therapies (DMTs),
including amyloid targeting therapies (ATTs), and
the recent positive trial findings. Recent ATT trials,
including the donanemab TRAILBLAZER study
(8), the aducanumab EMERGE and ENGAGE studies
(9), the lecanemab CLARITY AD study (10), and the
gantenerumab GRADUATE studies (11) have generally
required biomarker confirmation of AD pathology
prior to treatment initiation; this helps ensure the study
population is appropriate and target engagement
is possible. In the clinical trial environment, the use
of amyloid and tau biomarkers also allows for disease
detection earlier in the continuum (e.g., in the early
symptomatic stage) than neurodegeneration markers
such as structural magnetic resonance imaging,
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Figure 1. Schematic of the interpretation of amyloid and tau biomarkers and their development
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emission tomography

permitting evaluation of treatments at this stage of
disease.

An overview of the development of biomarkers for
amyloid and tau pathology, as well as interpretation
of biomarker findings, is shown in Figure 1. Approved
positron emission tomography (PET) imaging biomarkers
employ molecular neuroimaging techniques with
amyloid-PET and tau-PET radiotracers, that bind to Ap
plaques and NFTs, respectively. Commercially available
fluid-based biomarkers include cerebrospinal fluid (CSF)
and plasma AP42, Ap40 and tau hyperphosphorylated at
threonine site 181 (P-taul81).

The diagnostic performances of available biomarker
tests have been validated using various standards-
of-truth (SoTs); these include post-mortem pathology
verification and comparing test results from a population
with AD to those from healthy individuals or those with
other neurogenerative diseases. More recently, given the
high predictive value of amyloid- and tau-PET techniques
versus the respective pathologies at autopsy (12-15), fluid-
based biomarkers are also being validated using PET-
based findings as the surrogate SoT.

Despite the growing availability of diagnostic
biomarkers in the clinical research environment, their

use in clinical practice is limited (16, 17). This is likely
the result of multiple factors, including skepticism
regarding the role of amyloid, limited availability of
disease management options, limited accessibility to
or experience with biomarkers, country-specific
reimbursement policies, socioeconomic factors and
patient hesitancy (17, 18). In addition, accessing and
understanding information on the individual tests,
including characterization, validation and regulatory
status, may be challenging for healthcare providers
(HCPs) and, potentially, a barrier to making an informed
decision on the use of a specific biomarker test in their
practice.

The aim of this review is to provide an overview of the
performance of amyloid and tau PET- and fluid-based
diagnostic biomarkers authorized by the Food and Drug
Administration (FDA) or run as a laboratory developed
test (LDT) in the United States (US), or authorized in the
European Union (EU). The goal is to provide the relevant
information to assist HCPs in navigating biomarker
options that could complement clinical and cognitive
assessments and support diagnostic decisions.
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Table 1. Diagnostic performance parameters

ALZHEIMER'’S DISEASE BIOMARKERS IN US AND EU

Measure

Sensitivity or Positive Percent Agreement (PPA)*

Specificity or Negative Percent Agreement (NPA)*

Positive predictive value (PPV)

Negative predictive value (NPV)

Positive Likelihood Ratio (positive LR)

Negative Likelihood Ratio (negative LR)

Accuracy, Concordance or Overall percent agreement (OPA)

Receiver Operating Characteristic (ROC) curve

- Area under ROC curve (AUC)

- Youden Index

Correlation coefficients

Most commonly:

- Pearson (parametric approach)

- Spearman (g) (non-parametric approach)

Definition
Proportion of positive SoTs for which the test is positive, TP /(TP+FN)
i.e., test ability to identify presence of disease marker

Population does not affect results
Range, 0 to 100%

Proportion of negative SoTs for which the test is negative, TN /(TN+FP)
i.e., test ability to recognize absence of disease marker

Population does not affect results

Range, 0 to 100%

Proportion of positive test results that are positive SoTs in a specific population,
TP /(TP+FP) i.e., ability to separate TPs from FPs
Range, 0 to 100%

Proportion of negative test results that are negative SoTs in a specific population,
TN/(TN+FN) i.e., ability to separate TNs from FNs
Range, 0 to 100%

(Probability of TP)/(probability of FP)
Also calculated as: % sensitivity / (100-%specificity)
Range, 0 to «

(Probability of FN)/ (probability of TN)
Also calculated as: (100-% sensitivity)/ % specificity
Range, 0 to co

Measure of accuracy of biomarker test (proportion of true positives and true
negatives)
Range, 0 to 100%

Plot of true positive rate (sensitivity) against false positive rate (1-specificity) of a
test using various thresholds

Summary measure of biomarker test performance, takes into account sensitivity
and specificity using various thresholds
Range, 0 to 1

Measure of diagnostic performance reflecting sensitivity and specificity of a
diagnostic test, commonly used to identify best-performing cut-off points in an
ROC analysis. Youden Index = sensitivity + specificity - 1

Range, 0 to 1

Measure of correlation between continuous measures
Range, -1to 1

FOOTNOTES: *Sensitivity and specificity terminology used where the SoT is the reference standard, i.e., autopsy findings. PPA and NPA terminology used where the SoT
is not the reference standard but the best available surrogate, i.e., PET findings. Abbreviations: TP, true positive; TN, true negative; FP, false positive; FN, false negative;

SoT, standard of truth

Methods and terminology

Diagnostic tests were identified through various
resources including scientific publications, materials
presented at scientific congresses and venues, industry
landscape news, and company websites. The criteria for
inclusion of a diagnostic test in this review were that it
is i) a biomarker of amyloid or tau pathology (hallmarks
of AD); and ii) authorized in the US or EU, or run as an
LDT in the US, as of August 1, 2022. In vitro diagnostics
(IVDs) manufactured and used within health institutions
in the EU and research use only (RUO) products in
both the EU and US were excluded. Additionally, this
review notes whether the diagnostic test has received
the FDA's Breakthrough Device Designation (BDD) (if
this information is publicly available). The BDD program
is designed to expedite the development and review

of medical devices that provide for more effective
treatment or diagnosis of a life-threatening or irreversibly
debilitating disease or condition.

All available and readily accessible diagnostic
performance/agreement parameters reported in
the scientific literature and respective official assay
documentation (e.g., label or instructions for use) were
reviewed. To evaluate the diagnostic accuracy of both
PET- and fluid-based biomarkers, we considered autopsy
findings as the primary reference standard (or SoT) and
report autopsy validation data where available. Where
not available (for some fluid biomarkers) PET findings
were considered the SoT; this was deemed appropriate
in light of the robust ability of amyloid and tau PET to
predict pathology at autopsy, as discussed below. The
company assay documentation (e.g., instructions for
use) was located online or provided to us directly by the
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Table 2. Biomarker Tests Authorized in EU and /or US

POSITRON EMISSION TOMOGRAPHY (PET)
Amyvid® - F-florbetapir
Eli Lilly and Company

Neuraceq® - ¥F-florbetaben
Life Molecular Imaging

Vizamyl™ - ¥E-flutemetamol
GE Healthcare

TAUVID™ - 8F-flortaucipir
Eli Lilly and Company

CEREBROSPINAL FLUID (CSF)
INNOTEST®

Fujirebio

Lumipulse® G

Fujirebio

Elecsys®
Roche Diagnostics

Euroimmun
Perkin Elmer

TECAN
IBL International

ABtest-IA
Araclon Biotech

ADmark®
Athena Diagnostics

PLASMA
Precivity AD™
C2N Diagnostics

ABtest-IA and ABtest-MS
Araclon Biotech

Quest AD-Detect™
Quest Diagnostics

Amyloid-p automated immunoassay system HISCL™-5000/
HISCL™-800
Sysmex

P-taul81
Quanterix

Pathology detected Authorized for use
Amyloid Tau us EU
Amyloid plaques v v
Amyloid plaques v v
Amyloid plaques v v
NFTs v -
Ap42 P-taul81 - v
Ap42 P-taul81 VY v
AP42/40 ratio
AP42/P-taul8l ratio
Ap42 P-taul81 b v
P-taul81/Ap42 ratio
Ap42 P-taul81 - v
AP42/40 ratio
Ap42 P-taul81 - v
AP42/40 ratio
AP42/40 ratio - v
Ap42 P-taul81 a =
AP42/40 ratio b v
AP42/40 ratio - v
Ap42/40 ratio a =
AP42/40 ratio - v
P-taul81 b -

FOOTNOTE: For PET tracers, authorizations equate to FDA or EU Commission approval; In vitro diagnostic (IVD) authorization in EU equates to CE marking; a. Run
as a Laboratory Developed Test (LDT); b. Has received FDA's Breakthrough Device Designation (BDD); *AB42/40 ratio only; Abbreviations - AD, Alzheimer’s disease;

AB, B-amyloid; NFT, neurofibrillary tangle

company; in the few cases where relevant documentation
was not available to us, we refer the reader to the
company website(s) to request information.

Table 1 provides definitions of the diagnostic
performance parameters used in this review. Table 2
provides an overview of the current landscape, while the
supplementary table provides a more detailed overview
of the findings presented in the text.

Positron emission tomography

PET is a molecular imaging technique that uses
radiotracers that bind to specific proteins or processes of
interest; the location/extent of radiotracer signal is used
as a surrogate for the location and number of binding
sites, and is presumed to reflect the degree/presence of
a particular target (pathological or functional). For AD
pathology, PET radiotracers are employed to show the
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pattern and density of AB plaque (amyloid PET) or NFT
pathology (tau PET) in the brain (25). For use in clinical
practice, approved radiotracers for amyloid and tau PET
require visual interpretation of tracer signal; for each
radiotracer, there are specific requirements with regards
to the PET reading protocol (see labels for respective
indications and examples of positive and negative scans).

In the research setting, amyloid and tau PET scans are
also analyzed through a quantitative approach. Most
commonly, both target regions (in which binding would
suggest ongoing disease process) and reference regions
(known to be unaffected by the disease process or without
specific binding) are identified and the Standardized
Uptake Value ratio (SUVr) is calculated as the ratio
between target region and reference region bindings.
This quantitative analysis is usually performed in specific
regions of interest and is useful for estimating disease
severity or tracking longitudinal changes.

In the case of amyloid PET, positive binding patterns
are remarkably consistent across individuals and tracers,
and thus the chosen target and reference regions are
generally similar across studies (26). In line with these
observations, the Centiloid workgroup has developed a
set of harmonized regions of interest, including frontal,
temporal, parietal and precuneus, as well as striatum and
insular cortices, to be used for amyloid PET quantitation
(27).

In the case of tau PET, quantitative approaches are also
used to investigate regional (single or composite) SUVrs
in the research realm. To detect the presence of elevated
tau in the very early stages of AD, the most informative
target regions are generally the mesial temporal and
inferior lateral temporo-occipital lobe structures. As
the disease advances, additional regions (including the
medial and lateral parieto-frontal regions) also display
significantly elevated tau PET binding. The most common
reference regions for tau PET are the cerebellar cortex or
composite white matter regions.

PET findings from qualitative (visual reads) and
quantitative methodologies are commonly used in the
validation of fluid-based biomarkers.

Amyloid Status

8E-Florbetapir

The pivotal study of florbetapir comprised an end-
of-life cohort of 59 participants (clinical diagnosis of
AD, n=29; other dementia disorder, n=13; mild cognitive
impairment [MCI], n=5; cognitively normal [CN], n=12)
(12). For 46 participants, there was less than 1 year
between the PET scan and death. Visual binary reads
(positive/negative) were performed by 5 readers and
findings compared with a neuropathological neuritic
plaque density score (Consortium to Establish a Registry
for Alzheimer’s Disease [CERAD] score). Employing
majority read interpretation (image interpretation made

ALZHEIMER'’S DISEASE BIOMARKERS IN US AND EU

by at least 3 of the 5 readers), florbetapir demonstrated
a sensitivity of 92% (95% CI 78-98%), a specificity of
100% (95% CI 80-100%), and an overall accuracy of
95% in detecting moderate-to-frequent plaques. These
sensitivity / specificity values are also included in the
US and EU labels (28, 29). Findings were similar for the
subset of participants who died within 1 year of the
PET scan or when quantitation instead of qualitative
visual reads were used (12). Of note, a visual quantitative
rating demonstrated a significant correlation (Spearman
p, 0.76; p<0.0001) between florbetapir PET findings and
AP measured by immunohistochemistry at autopsy in
participants who died within 2 years of the scan. In
this study, a semiautomated quantitative PET scan
analysis was also performed in which florbetapir status
demonstrated a sensitivity of 97% (95% CI 85%-100%),
a specificity of 100% (95% CI 80-100%) and an accuracy
of 98% in detecting moderate-to-frequent neuritic
plaques (12). Findings from studies of both the pivotal
study cohort and cases from the Alzheimer’s Disease
Neuroimaging Initiative autopsy cohort have confirmed
quantitative relationships between florbetapir PET
binding and frontal AB42 and demonstrated the ability of
florbetapir to successfully predict Thal (amyloid plaque
phase) staging (30, 31).

— Florbetapir is branded as Amyvid® (Eli Lilly and
Company, Indianapolis, IN, USA) in the US and EU (28, 29).

8F_Florbetaben

Findings from 74 participants (clinical diagnosis of
AD, n=57; dementia with Lewy bodies (DLB), n=3;
other dementia disorder, n=6; no dementia, n=8) of the
Phase 3 study are reported by Sabri et al (13). For 46
participants there was less than 1 year between the PET
scan and death. Visual binary reads were performed
by 3 readers and findings compared with CERAD
neuritic plaque density score. Employing majority read
interpretation, florbetaben demonstrated a sensitivity
of 98% (95% CI 94-100%) and a specificity of 89% (95%
CI 77-100%) in detecting moderate-to-frequent CERAD
scores; the negative predictive value (NPV) was 96%
(95% CI 88-100%) and the positive predictive value (PPV),
94% (95% CI 87-100%). Regional majority visual reads
across the middle frontal, anterior cingulate and posterior
cingulate / precuneus regions showed 82-90% sensitivity
and 86-95% specificity in detecting moderate neuritic/
cored or diffuse plaques, with a significant correlation
between quantitated florbetaben PET binding and
histopathological scores. Using a quantitative approach,
composite SUVr predicted CERAD neuropathology
score with an area under the curve (AUC) of 0.91, 89%
sensitivity and 92% specificity.

In the US label (32), findings from 82 participants of
the Phase 3 cohort are reported; the median sensitivity
and specificity of florbetaben PET were 98% and 80%,
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respectively. Findings from 31 participants of the Phase
3 cohort are included in the EU label (33); based on a
majority read, the sensitivity of florbetaben PET was 100%
and the specificity, 86%.

In 2 additional studies that included participants from
the Phase 3 cohort, findings from several florbetaben
PET quantitation approaches (with various target and
reference regions as well as image processing pipelines)
were compared with AP histopathology findings (both
neuritic plaque and diffuse plaque scores) at autopsy. The
AUC, sensitivity and specificity ranges were 0.84-0.97,
87-96% and 60-96%, respectively (34, 35).

— Florbetaben is branded as Neuraceq® (Life Molecular
Imaging, Berlin, Germany) in the US and EU (32, 33)

BE_Flutemetamol

A pivotal flutemetamol Phase 3 study included an
end-of-life cohort of 68 participants, (clinical diagnosis
of AD, n=30; other dementias, n=17; no history of
cognitive impairment, n=21) (14). Flutemetamol PET
was performed on average 3.5 (range 0-13) months
before death. Visual binary reads were performed by 5
readers and findings compared with modified CERAD
neuritic plaque density scores at autopsy. Majority reads
of flutemetamol scans demonstrated an AUC of 0.90
(95% CI 0.82-0.97), a sensitivity of 86% (95% CI 72-95%)
and a specificity of 92% (95% CI 74-99%); the sensitivity /
specificity values were also included in the EU label (36).
In the US label (37), median performances across readers
were provided (88% sensitivity, 88% specificity).

In the Phase 3 study, of those participants with an
advanced amyloid plaque score at autopsy (Thal phase
4-5), 89% of flutemetamol PET scans were rated positive,
while of those with none/low score (Thal Phase 0-2),
100% of scans were rated negative. For those at Thal
Phase 3, 33% were rated positive (38). Additional studies
of this Phase 3 cohort plus additional participants (total
N=106) confirmed the flutemetamol PET majority read
performance in predicting AP histopathology, using
a modified CERAD score and the Thal score as well
as other categorical neuropathology SoTs (39, 40).
Flutemetamol PET demonstrated an AUC of 0.89-0.96,
a sensitivity of 79-100% and a specificity of 65-100%,
depending on the adopted SoT. In a subset of 28
participants from the original Phase 3 cohort, the overall
agreement between flutemetamol PET visual read and
neuritic plaque density at autopsy was 89% (41).

— Flutemetamol is branded as Vizamyl™ (GE Healthcare,
Arlington Heights, IL, USA) in the US and EU (36, 37).

Tau Status
Currently, only one tau PET radiotracer (flortaucipir) is

approved for clinical use in the US; none are approved in
the EU.

I8E-Flortaucipir

The pivotal study of flortaucipir comprised an end-of-
life primary cohort of 64 participants (dementia, n=49;
MCI, n=1; CN, n=14) (15). PET scans were performed,
on average, 2.6 months before death. Visual binary reads
were performed by 5 readers and findings compared
with Braak NFT pathological staging at autopsy; level
B3 (Braak stages V or VI; NFTs throughout neocortex)
was considered positive. Majority reads of flortaucipir
scans demonstrated a sensitivity of 92% (95% CI 80-97%)
and a specificity of 80% (95%CI 61-91%) in predicting an
NFT B3 score. The US label (42) includes sensitivity and
specificity of individual readers only; with a calculated
median sensitivity of 92% and specificity of 76%.
Considering a high Alzheimer’s Disease Neuropathologic
Change (ADNC) score (incorporates Thal amyloid plaque
phase [Phase 4-5], CERAD neuritic plaque density [at
least moderate-to-frequent] and Braak NFT staging [at
least Braak V/VI]) as the neuropathology SoT, flortaucipir
PET majority reads demonstrated a sensitivity of 95%
(95% CI 83-99%) and specificity of 81% (95% CI 62%-92%).
The inclusion of an additional 18 participants (dementia,
n=11; MCI, n=3; CN, n=4) yielded similar findings
with both Braak pathological staging and ADNC score
comparators.

A study of 143 participants evaluated the ability
of flortaucipir PET to discriminate between autopsy-
confirmed frontotemporal lobar degeneration
(FTLD), low/intermediate and high ADNC. Greatest
differentiation between FTLD and high ADNC was
observed using the midbrain/inferior temporal
binding ratio (AUC 0.99 ([95% CI 0.94-1.00]; sensitivity
94%; specificity 95%) while the greatest differentiation
between low /intermediate and high ADNC was observed
using the entorhinal cortex binding ratio (AUC 0.94
[95% CI 0.85-0.97]; sensitivity 88%; specificity 88%).
The midbrain/inferior temporal binding ratio was the
top performer, although with lower accuracy, when
comparing FTLD to low/intermediate ADNC (AUC
0.80 [95% CI 0.68-0.88], sensitivity 71% and specificity
70%)(43). Overall, these findings support the view that
flortaucipir PET accurately identifies advanced Braak B3
level (Braak V/VI stages). Smaller studies have reported
that elevation of flortaucipir PET binding is more
consistently observed in patients with advanced Braak
stages (44, 45). In addition, regional flortaucipir PET
binding shows a significant correlation with co-localized
quantitative tau neuropathology findings, such as those
from P-tau immunohistochemistry, at autopsy (45-47).

— Flortaucipir is branded as TAUVID™ (Eli Lilly and
Company, Indianapolis, IN, USA) in the US (42).
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CSF Biomarkers

CSF analysis is a well-established and clinically useful
approach to investigate AD pathophysiology (48-50).
Compared with PET, it is more accessible and cost-
effective, less resource intensive and does not require
exposure to radioactivity. While generally a safe
procedure, CSF analysis requires a lumbar puncture
(spinal tap). It may be affected by pre-analytical factors
and, unlike PET, does not provide direct information on
protein aggregation (18, 50).

Over the last 2 decades, several CSF measures have
been validated and approved by the FDA and European
Medicines Agency (EMA) for the assessment of amyloid
and tau pathology in AD antemortem. Historically,
CSF measures of interest were AB42, P-taul81 (tau
hyperphosphorylated at threonine 181) and T-tau (total
tau); more recently, AB42/40 and the P-taul81/Ap42
ratios have been shown to accurately identify AD using
different SoTs. Although we consider amyloid and tau
pathology biomarker findings as indicators of amyloid
and tau status, respectively, in some instances tau
biomarker assays (e.g., Lumipulse® G P-taul81) have
been validated with SoTs indicative of amyloid pathology
(amyloid PET). This is discussed further in the Predicting
amyloid/tau status through tau/ amyloid biomarker
findings section.

The concentrations of CSF biomarkers can be
measured with various technologies, including but
not limited to enzyme-linked immunosorbent assay
(ELISA), immunoassay with electrochemiluminescence
detection (ECL, sometimes referred to as ECLIA),
chemiluminescence enzyme immunoassay (CLEIA), and
single molecule array (Simoa); this topic was recently
reviewed by Zetterberg and Blennow (51).

Amyloid Status

CSF AB42 and AB42/40 ratio

AP42 is the main component of the amyloid plaques
characteristic of AD, and the current hypothesis suggests
that lower CSF AB42 concentrations reflect its aggregation
and sequestering in brain amyloid plaques (51). The
most well-established CSF amyloid biomarkers are the
ApP42 isoform concentrations and the ratio between the
Ap42 and AP40 isoforms (AB42/40). The ratio approach
is based on the belief that the AB40 concentration
can serve as a reference and that using the basal total
AP (which varies between individuals) to normalize
AP42 concentrations can improve overall diagnostic
accuracy (52, 53). Both AB42 level and AB42/40 ratio,
when decreased compared to normative values, indicate
ongoing amyloid pathology. The accuracy of CSF AR
biomarkers in reflecting ongoing AD amyloid plaque
pathology has been generally validated using autopsy
confirmation as gold standard. More recently, in light of

ALZHEIMER'’S DISEASE BIOMARKERS IN US AND EU

its robust performance in predicting amyloid pathology
at autopsy, amyloid PET has also been used as the SoT for
CSF Ap42 and AB42/40 validation.

INNOTEST® (Fujirebio, Tokyo, Japan) — ELISA

The ability of INNOTEST (measuring CSF Ap42
concentration) to predict the presence of neuritic plaque
at autopsy was evaluated in a study of 123 participants
(clinical diagnosis of AD, n=79; other dementia, n=29;
other neurological disease, n=15), with a median interval
between lumbar puncture and death of 13-34 months
depending on disease subgroup (54). INNOTEST CSF
AB42 showed an AUC of 0.87 (95% CI 0.78-0.95), a
sensitivity of 80% and a specificity of 82%; this translated
to a positive likelihood ratio (LR) of 4.5 (95% CI 2.0-10)
and a negative LR of 0.24 (95% CI 0.16-0.38).

Of note, this study and others (54-56), have
demonstrated a significant inverse correlation between
CSF AP42 concentrations (lumbar or ventricular) and A(
histopathology (AP load or plaques density) at autopsy
or frontal biopsy. Such correlation is likely to be weaker in
more advanced disease stages where CSF AB42 may reach
equilibrium and is thus not optimally reflective of brain
amyloid load in later disease stages (57).

One smaller study (N=21) showed INNOTEST CSF
AP42 to have a 91% sensitivity and 60% specificity in
differentiating between AD and non-AD primary
neuropathological diagnosis at autopsy (58), while
another small study (N=17) showed that a CSF AD profile
(combining Ap42 and P-taul81 findings), compared
with an AD vs non-AD neuropathological diagnosis,
had an overall percent agreement (OPA) of 85% (15/17
cases) (59). INNOTEST CSF A{42 demonstrated a 92%
sensitivity and 75% specificity in differentiating between
Thal phases 0-2 and 3-5, and a 90% sensitivity and 55%
specificity in differentiating between CERAD none-to-
sparse and moderate-to-frequent stages.

The EU instructions for use (60) includes INNOTEST
CSF Ap42 findings based on a clinical SoT (individuals
with AD [n=150] versus healthy controls [n=100] and
individuals with other neurological disorders [n=84]);
INNOTEST CSF Ap42 demonstrated an 85% positive
percentage agreement (PPA) and a 55% negative
percentage agreement (NPA).

— INNOTEST® CSF Ap40 and Ap42 are CE marked in
EU (60).

Lumipulse® G (Fujirebio, Tokyo, Japan) —
CLEIA

To our knowledge, there are currently no published
data on the performances of Lumipulse G CSF Ap42
and CSF APB42/40 in predicting amyloid pathology at
autopsy. Several studies have, however, investigated
the accuracy of Lumipulse G CSF amyloid biomarkers
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using amyloid PET positivity (evaluated through visual
read or quantitation analysis) as the SoT. Across larger
studies (>50 participants), Lumipulse G (measuring CSF
ApP42 concentration) showed AUCs of 0.76-0.92, PPAs of
80-99%, NPAs of 50-88% and OPAs of 72-90% compared
to amyloid PET (visual read or quantitation) (61-63).
Lumipulse G CSF AB42/40 ratio generally demonstrated
improved performance, with AUCs of 0.86-0.94, PPAs of
77-99%, NPAs of 77-98% and OPAs of 84-92% (61, 63-65).
Similar performances were observed in a smaller study
using both visual read and quantitation to define amyloid
PET positivity (66).

In the EU instructions for use (60), the performances of
Lumipulse G CSF Ap42 and Lumipulse® G CSF Ap42/40
ratio were tested in a cohort of 94 participants (the
majority with AD or DLB). In the prediction of amyloid
PET positivity (florbetapir, visual read), Lumipulse G
CSF Ap42 showed an AUC of 0.76 (95% CI 0.65-0.86),
95% PPA and 51% NPA using a receiver operating
characteristic (ROC)-defined threshold based on Youden
index. Lumipulse® G CSF Ap42/40 ratio demonstrated
an overall improved performance with an AUC of 0.87
(95% CI 0.77-0.96), 88% PPA and 80% NPA. In the EU
instructions for use for Lumipulse G P-taul81 (60),
Lumipulse G Ap42/P-taul81 showed an AUC of 0.88
(95% C10.79-0.97), with 93% PPA and 80% NPA.

In the EU instructions for use (60), finding from a study
in which Lumipulse G CSF Ap42 and Lumipulse G CSF
AP42/40 ratio were also tested using a clinical SoT were
included. In differentiating AD (n=60) versus non-AD
neurological disorders (n=43), Lumipulse G CSF A[42
had an AUC of 0.83 (95% CI 0.75-0.92), 78% PPA and 81%
NPA; Lumipulse G CSF Ap42/40 ratio had an AUC of
0.98 (95% CI 0.95-1.00), 98% PPA and 91% NPA. In the
EU instructions for use for Lumipulse G P-taul81 (60),
Lumipulse G Ap42/P-taul81 showed 95% PPA and 98%
NPA.

The US IVD label (60, 67) includes findings from a
study of 292 participants (AD, n=104; late MCI, n=59;
early MCI, n=111; subjective cognitive decline, n=18).
Lumipulse G (Ap42/40 ratio) demonstrated 92% PPA and
93% NPA versus amyloid PET (visual read), excluding
“likely positive” cases; including these likely positive
cases, the PPA was 92% and the NPA was 84%.

— Lumipulse® G CSF AB42/40 ratio has BDD and is IVD
approved in the US (60, 67, 68).

— Lumipulse® G CSF Ap40 and Ap42 are CE marked in
EU (60).

Elecsys® (Roche Diagnostics, Rotkreuz,
Switzerland) — ECLIA

A study of 101 participants with heterogenous
neuropathologic diagnoses (including AD and FTLD)
evaluated the ability of Elecsys immunoassays to
discriminate none-low from intermediate-high ADNC at

autopsy; CSF Ap42 demonstrated an AUC of 0.89 (95%
CI 0.81-0.96) for (69). Similar performances were observed
in a smaller scale study (N=45), where Elecsys CSF Ap42
showed AUCs of 0.91 (95% CI 0.81-1.00) in predicting an
intermediate-to-high Thal score, 0.83 (95% CI 0.68-0.99)
in predicting an intermediate-to-high CERAD neuritic
plaque score and 0.92 (95% CI 0.83-1.00) in predicting an
intermediate-to-high CERAD diffuse plaque score (70).
In the EU instructions for use, (71) findings from 277
participants (subjective cognitive decline, n= 120; MCI,
n=153, no assignment, n=4) from the BioFINDER cohort
were reported; Elecsys CSF A{342 demonstrated an AUC
of 0.87 (95% CI 0.82-0.91), an OPA of 80%, a PPA of 91%
(95% CI 84-96%), and an NPA of 73% (95% CI 65-79%)
versus amyloid PET.

Of note, the P-taul81/Ap42 ratio findings were also
included in the EU label (71) where an AUC of 0.94 (95%
CI 0.92-0.97), a PPA of 91% (95% CI 84-96),and an NPA of
89% (95% CI 84-94%) versus amyloid PET were reported.
(69) In the previously-cited study of 45 participants,
Elecsys P-taul81/Ap42 ratio showed AUCs of 0.96 (95%
CI 0.90-1.00), 0.98 (95% CI 0.94-1.00) and 0.97 (95% CI
0.92-1.00) in predicting an intermediate-to-high Thal
score, intermediate-to-high CERAD neuritic plaque score
and intermediate-to-high CERAD diffuse plaque score,
respectively (70).

— Elecsys® AB42 is CE marked in EU (71) and has FDA
BDD in the US (72).

— Elecsys® P-taul81 is CE marked in EU (73) and has
FDA BDD in the US (72).

Euroimmun (Perkin Elmer, Waltham, MA, USA)
— ELISA

To our knowledge, there are no published findings
on the relationships between Euroimmun CSF AB42 or
APB42/40 ratio and autopsy findings. Rather, studies
have employed amyloid PET as the SoT. Large studies of
clinically heterogenous cohorts have demonstrated that
Euroimmun CSF A{42 predicts amyloid PET positivity
with a high degree of accuracy, with AUCs of 0.81-0.89,
PPAs of 78-83% and NPAs of 69-83%. Euroimmun CSF
AP42/40 ratio generally showed improved performance,
with AUCs of 0.87-0.96, PPAs of 83-100% and NPAs
of 72-94% (74-77). Of note, test performance was
similar across tracers (flutemetamol and florbetapir),
and methods to establish positivity (visual read and
quantitation).

A study of 101 participants provides additional
performance data for Euroimmun CSF AB42 , with a
reported OPA of 82% versus amyloid PET, and a
significant correlation between assay findings and
flutemetamol neocortical binding (Spearman ¢=-0.58, p<
0.001) (78).

The EU instructions for use (79) includes findings
based on a clinical SoT (differentiating AD [n=67] from
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vascular dementia [n=44] and healthy controls [n=43]).
Excluding intermediate positive cases, Euroimmun
CSF Ap42 showed 89% PPA, 75% NPA and 81% OPA;
including intermediate positive cases, these values
were 91%, 66% and 77%, respectively. Euroimmun CSF
AP42/40 ratio showed overall improved performances
with 94% PPA, 76% NPA and 84% OPA.

— Euroimmun Ap42 and AB40 ELISAs are CE marked in
EU (79).

TECAN (IBL International, Hamburg, Germany)
—ELISA

A study of 200 participants (CN and cognitively-
impaired) assessed the concordance between CSF AB42
and amyloid PET (80). Compared with 11C-PiB PET
status (positive/negative), TECAN CSF AB42 showed
an AUC of 0.81 (95% CI 0.75-0.87), a PPA of 82% (95% CI
68-91%), an NPA of 73% (95% CI 65-80%), and an overall
concordance of 75%. TECAN CSF AB42/40 ratio showed
an AUC of 0.94 (95% CI 0.89-0.97), a PPA of 96% (95% CI
86-100%), an NPA of 88% (95% CI 82-93%), and an overall
concordance of 89%. The EU instructions for use (81,
82) include performance data based on a sample of 203
individuals (early probable/possible AD or MCI, n=115;
controls, n=88); TECAN CSF Ap42 demonstrated a PPA
of 77% and an NPA of 83% in identifying individuals with
AD vs controls while for TECAN CSF AB42/40 ratio
these values were 92% and 94%, respectively.

— TECAN Ap40 and AB42 are CE marked in EU (83).

ABtest-IA (Araclon Biotech [a subsidiary of
Grifols], Zaragoza, Spain]) — ELISA

To our knowledge, there are no published studies on
the performance of CSF ABtest-IA using either autopsy-
based or amyloid PET based SoTs.

— ABtest-1A is CE marked in EU (84, 85).

ADMark® (Athena Diagnostics, Marlborough,
MA, USA) - ELISA

In a study of 154 participants with presumed normal
pressure hydrocephalus and who had a frontal lobe
biopsy at the time of shunt placement, the ability of
ADMark® CSF AP42 to predict neuropathological
manifestations of AD was evaluated (86). Using study-
specific thresholds, ADMark® CSF Ap42 showed an AUC
of 0.78, with a sensitivity of 93% and a specificity of 54%.
Combining CSF AB42 and total tau findings into a AB42/
total tau index (ATI) resulted in an AUC of 0.69, with a
sensitivity of 72% and a specificity of 70%.
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— ADMark® is available as LDT for clinical use in the US
(87).

Tau Status

CSF P-taul81

The main constituent of the intracellular NFTs,
a specific pathological hallmark of AD, is hyper-
phosphorylated tau (P-tau). Based on evidence to date, it
is generally thought that increased phosphorylation and
secretion of tau in AD are related to neuronal exposure to
AP and are associated with NFT formation (6, 48, 51, 53,
88).

Concentrations of P-tau are of particular relevance
to AD diagnosis. In particular, the CSF concentration of
P-taul81 is a well-established biomarker for AD (51).
Validation of assays measuring CSF P-taul81 has used
autopsy-based NFT density or staging (e.g., Braak stages)
and, more recently tau PET as the SoT. Of note, CSF
P-taul81 concentrations and tau PET findings are likely
a reflection of different aspects of tau pathology in AD,
with CSF P-taul81 likely indicative of the early response
to AP and preceding detectable elevation through tau PET
(88).

INNOTEST® (Fujirebio, Tokyo, Japan) — ELISA

The performance of P-taul81 concentration, measured
using INNOTEST, in predicting the presence of NFTs
(Braak stage > I/II) at autopsy was assessed in a study
of 123 participants (see INNOTEST AB42 and AB42/40
ratio section for cohort details). INNOTEST CSF P-taul81
demonstrated an AUC of 0.82 (95% CI 0.68-0.95), a
sensitivity of 69% and a specificity of 85%, corresponding
to a positive LR of 4.5 (95% CI 1.3-16) and a negative
LR of 0.37 (95% CI 0.25-0.53) (54). In the EU instructions
for use (60), INNOTEST CSF P-taul81 was reported to
have 80% PPA and 87% NPA in identifying individuals
with AD versus controls. Using another clinical SoT (AD
versus DLB) INNOTEST CSF P-taul81 showed 80% PPA
and 79% NPA.

A smaller scale study (N=21) demonstrated a
specificity of 100% but a lower sensitivity (73%) for
INNOTEST CSF P-taul81 in differentiating between AD
and a non-AD primary neuropathological diagnosis at
autopsy (58). Additional performance data are provided
in a study of 114 participants that showed a significant
correlation between INNOTEST CSF P-taul81 and Braak
stage (Montine score B (89)), with Spearman o of 0.36-
0.42, depending on time between lumbar puncture and
death (<4, <5 or <10 years) (57).

— INNOTEST® P-taul81 is CE marked in EU (60).
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Lumipulse® G (Fujirebio, Tokyo, Japan) —
CLETA

To our knowledge, there are currently no data on the
performance of Lumipulse G CSF P-taul81 using either
autopsy-based or tau PET based SoTs.

In the EU instructions for use (60), Lumipulse G CSF
P-taul81 showed an AUC of 0.84 (95% CI 0.75-0.93) in
predicting amyloid PET positivity (18F-florbetapir, visual
read). Using a clinical SoT (differentiating AD [n=60] from
non-AD neurological disorders [n=43]) Lumipulse G CSF
P-taul81 showed an AUC of 1.00 (95% CI 0.99-1.00), 97%
PPA and 100% NPA using an ROC-based, Youden-based
threshold.

— Lumipulse® G P-taul181 CLEIA is CE marked in EU
(60).

Elecsys® (Roche Diagnostics, Rotkreuz,
Swizerland) — ECLIA

In the study of 101 participants with heterogenous
neuropathologic diagnoses (see Elecsys AP42 and
APB42/40 ratio section), Elecsys CSF P-taul81 had an
AUC of 0.75 (95% CI 0.63-0.87) in differentiating between
a none-low ADNC and intermediate-high ADNC (69).
In a study of 45 participants, Elecsys CSF P-taul81
demonstrated an AUC of 0.88 (95% CI 0.77-0.99) in
identifying intermediate-to-high Braak stage at autopsy
(70).

In the EU instructions for use (73), findings from 277
participants from the BioFINDER cohort were reported;
Elecsys CSF P-taul81 demonstrated a PPA of 91% (95% CI
84-96%) an NPA of 89% (95% CI 84-94%) and an AUC of
0.94 (95% CI 0.92-0.97) versus amyloid PET.

— Elecsys® P-taul81 is CE marked in EU (73) and has
FDA BDD in the US (72).

Euroimmun (Perkin Elmer, Waltham, MA, USA)
— ELISA

To our knowledge, there are no published studies
on the performance of Euroimmun CSF P-taul81 using
autopsy-based evidence. A study (N=101) did, however,
evaluate the performance of Euroimmun CSF P-taul81
versus PET (78). Compared to flortaucipir-PET positivity
at quantitation, either estimating binding in the inferior
temporal cortex or in more advanced Braak V/VI-like
regions, CSF P-taul81 showed concordances of 77%
and 65% and Cohen K of 0.59 and 0.58, respectively.
Correlations (Spearman @) were 0.71 and 0.59,
respectively.

In a company-published AD document (79),
Euroimmun CSF P-taul81 showed an AUC of 0.94, a PPA
of 93% and an NPA of 84% in differentiating between

individuals with AD (n=61) and healthy controls (n=49).

— Euroimmun P-taul81 is CE marked in EU (79).

TECAN (IBL International, Hamburg, Germany)
—ELISA

To our knowledge, there are no published studies
on the performance of TECAN CSF P-taul81 using
either autopsy-based or tau-PET based SoTs. The EU
instructions for use (82) reports findings from a study of
101 participants (AD/MCI, n=37; control, n=64); TECAN
P-taul81 demonstrated an 87% sensitivity and a 92%
specificity in differentiating between individuals with
AD/MCI and controls.

— IBL International TECAN P-taul181 is CE marked in EU
(82).

ADMark® (Athena Diagnostics, Marlborough,
MA, USA) - ELISA

In the previously described study of 154 participants
(86), using study-specific thresholds ADMark® CSF
P-taul81 showed an AUC of 0.85, with both a sensitivity
and specificity of 80%.

— ADMark® is available as LDT for clinical use in the US
(87).

Plasma biomarkers

Recent years have witnessed a rapid development of
plasma biomarkers for amyloid and tau pathology, with
several assays now authorized in the US or EU or run as
LDTs in the US. These biomarkers offer advantages over
CSF biomarkers and PET; they are less invasive and have
the potential to be more cost-effective. As a result, there
is potential for more widespread use and accessibility.
Like CSF biomarkers, however, plasma biomarkers
do not provide information on location of amyloid or
tau pathology and may be affected by pre-analytical
factors (related to blood draw/storage). Similarly to CSF
biomarkers, various technology platforms are currently
being used or tested for plasma biomarkers (90). These
platforms include liquid chromatography with tandem
mass spectrometry (LC-MS/MS), ELISA and Simoa.
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Amyloid Status

Plasma AB42/40

Precivity AD™ (C2N Diagnostics, St Louis, MO,
USA) -LC-MS/MS

Precivity AD incorporates quantification of plasma
APB42/40 and detection of apolipoprotein E (ApoE)-
specific peptide using LC-MS/MS. Plasma AB42 /40 ratio,
ApoE proteotype and patient age are used to determine
an amyloid probability score (APS), a measure of the
probability that the individual has a positive amyloid
PET scan. Initial performance evaluations showed that
PrecivityAD AB42/40 ratio, in conjunction with ApoE,
age and cohort effects, demonstrated an AUC of 0.90
(95% CI 0.87-0.93) in predicting amyloid PET status
(measuring 11C-PIB-PET, florbetapir or florbetaben) in
414 participants from 6 cohorts (91).

A validation study using pooled data from 2
independent cohorts (total N=686; MCI or mild dementia,
n=378) was performed to evaluate the performance of
PrecivityAD in identifying amyloid PET status (measured
using florbetapir, florbetaben or flutemetamol) (92).
Based on APB42/40 ratio, age and ApoE the PrecivityAD
APS demonstrated an AUC of 0.88 (95% CI 0.85-
0.91). To improve both the NPV and PPV, the authors
identified a lower cutoff (low APS 0-35) and an upper
cutoff (high APS 58-100); the resultant intermediate
APS range was 36-57 (95 participants [14%] fell in the
intermediate APS range). Reweighting for a population
with a 60% prevalence of amyloid PET positivity, a low
APS demonstrated a NPV of 86% while a high APS
demonstrated a PPV of 86%. Diagnostic performance
analyses showed that excluding individuals with an
intermediate APS score, the APS showed 92% PPA,
77% NPA, and 85% accuracy in predicting amyloid PET
positivity. Considering those with an intermediate score
as positive resulted in a 93% PPA, 65% NPA and 80%
accuracy, while considering these individuals as negative
the PPA, NPA and accuracy were 80%. Of note, with the
Precivity AD2™ (under development) (93), amyloid status
will be based on a binary determination (positive or
negative) rather than be considered low, intermediate or
high APS.

— PrecivityAD™ is CE marked in EU (94).
— PrecivityAD™ is auailable as LDT for clinical use and
has FDA BDD in the US (95).

ABtest-IA (Araclon Biotech [a subsidiary of
Grifols], Zaragoza, Spain) — ELISA

The performance of an ELISA-based total plasma
AP42/40 ratio assay was recently evaluated in a subset
of samples from the Australian Imaging, Biomarkers
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and Lifestyle (AIBL) study (96). Samples were collected
at 3 timepoints (18, 36 and 54 months; N=176, 169
and 135, respectively). Using 11C-PiB-PET positivity
at quantification as the SoT and a threshold defined
using the Youden method, the total plasma Ap42/40
ratio agreement with 11C-PiB-PET status demonstrated
63-65% OPAs, 68-76% PPAs and 53-62% NPAs across
timepoints. Adjusting for age, sex, ApoE status and
clinical classification, the ABtest-IA plasma AB42/40
ratio assay showed improved performances, with 83-85%
OPAs, 0.88-0.91 AUCs, 83% PPA, and 84-86% NPAs across
the 3 timepoints. In a study of 59 participants (MCI, n=20;
CN, n=39), the total plasma Ap42/40 ratio (Ap42 and
AP40 measured with ELISA kits from Araclon Biotech)
was compared with 11C-PIB-PET findings; the total
plasma AP42/40 ratio showed an AUC of 0.88 (95% CI
0.78-0.98) in predicting amyloid PET status, with 78% PPA
and 88% NPA (97).

ABtest-MS (based on liquid chromatography coupled
to mass spectrometry) has also been developed by
Araclon for quantification of A342 and AB40 (85).

— ABtest-1A and ABtest-MS are CE marked in EU (84, 85).

Quest AD-detect™ (Quest Diagnostics,
Secaucus, NJ) - LC-MS/MS

In company provided documentation (98) and in
a recent abstract presented at AAIC 2022 (99), Quest
AD-detect showed an AUC of 0.86, a PPA of 71% and an
NPA of 89% in predicting amyloid PET status in a cohort
(N=209) of individuals with AD, MCI or CN.

— Quest AD-detect™ is available as LDT for clinical use in
the US (100).

Automated Immunoassay System HISCIL ™-
5000/HISCL.™-800 (Sysmex, Kobe, Japan) -
CLEIA

The performance of the plasma APB42/40 ratio
measured using the Sysmex automated immunoassay
platform (HISCL series) was recently evaluated in 2 study
cohorts (N=197 and N=200) with MCI or mild dementia
due to AD (101). Amyloid PET (performed using 3
regulatory approved radioligands) with visual read was
used as a SoT. For the 2 study cohorts, AUCs were 0.94
and 0.87, respectively, with PPAs of 96% and 88% and
NPAs of 84% and 72% based on thresholds maximizing
the Youden Index. Using amyloid PET positivity at
quantitation instead of visual read, AUCs were 0.93 and
0.92, respectively.

— Sysmex Plasma Amyloid-f automated immunoassay
system HISCL-5000/HISCL-800 is CE-marked in EU (102).
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Tau Status
Plasma P-Taul81

P-taul81 (Quanterix, Billerica, MA) — Simoa®

A recent study of 200 participants (CN, N=177; MC],
N=23) evaluated the performance of the Quanterix
plasma P-taul81 Simoa in predicting a tau PET status,
established using flortaucipir PET and quantitation
in both a region affected early in the disease process
(entorhinal cortex) and in a region affected in more
advanced disease (temporal composite region of interest
[metaROI]) (103). Quanterix P-taul81 Simoa showed an
AUC of 0.73 (95% CI 0.64-0.82) and 0.69 (95% CI 0.60-0.78)
in the prediction of tau PET positivity in the entorhinal or
temporal metaROls, respectively.

— Quanterix plasma P-taul81 SIMOA is available as an
LDT for clinical use (104) and has FDA BDD in the US (105).

Relationships between PET, CSF and blood-
based biomarkers

PET- and CSF-based amyloid and tau measures are
widely considered valid biomarkers for ascertaining
the presence or absence of ongoing AD pathology
in symptomatic patients (50) as is evident from their
mutual inclusion in the most updated clinical criteria
(7, 20) and in the ATN research framework (6). CSE-
based biomarkers, together with PET, are also included
in the recent Alzheimer’s Association appropriate use
recommendations as a SoT against which blood-based
biomarker performances can be assessed s (106).

The temporal trajectories of these biomarkers do,
however, differ (107, 108). Current models postulate that,
as disease progresses, changes are first detected in fluid-
based (CSF or blood) AP biomarkers and, subsequently,
abnormal amyloid PET findings are detectable (AD
cascade model) (107). This temporal difference is likely
reflective of the differences in proteins measured; soluble
and diffusible AP fractions (reflecting production/
clearance at time of blood draw/lumbar puncture) are
measured by fluid-based biomarkers while PET measures
aggregated AP (109). In line with this, individuals with
CSF AP positivity are more likely to show increased
amyloid PET binding at follow-up (110, 111). Subsequent
to AP aggregation, there is increased secretion of P-tau,
which can be detected in CSF and/or plasma; this is
followed by of NFT formation, detected by tau PET (15,
88).

The differing temporal trajectories of biomarkers,
outlined above, have several implications for the
interpretation of correlation data and for the utilization
of these biomarkers (in terms of their ability to be
used interchangeably) in clinical and research settings.

Importantly, a binary concordance (positive/positive
or negative/negative) across amyloid/tau fluid and
PET biomarkers would be expected to increase with
progression of symptomatic disease, thus showing
highest concordance in individuals with advanced
objective cognitive impairment due to AD pathology (110,
112).

In the case of AP detection, one should keep in mind
that the quantitative relationship between amyloid PET
and fluid-based AP biomarker findings is not linear,
with fluid biomarkers being more sensitive to early
Ap changes, and PET biomarkers more sensitive to AP
plaque deposition over the disease course. Amyloid PET
negativity can correspond to a wide range of fluid-based
AP concentrations; similarly, fluid-based A positivity
can correspond to a wide range of levels of amyloid PET
radiotracer neocortical binding (113, 114). The relationship
between tau PET binding and CSF P-tau concentration
is believed to be more linear than in the case of amyloid
PET/fluid-based AP biomarkers; however, one similarity
is that a given CSF P-tau value can correspond to a range
of levels of tau PET radiotracer neocortical binding (115).
The magnitude of the association is impacted by several
factors including population (e.g., early versus late
disease phase), fluid analysis assay / platform and tau-PET
acquisition/ quantitation approaches.

Predicting amyloid/tau status through tau/
amyloid biomarker findings

While the ATN framework requires concurrent
presence of amyloid (A+) and tau (T+) for a diagnosis
of AD, several lines of evidence indicate that their
inter-relationship is also significant and potentially
informative. In the context of PET-based biomarkers, for
example, flortaucipir-PET positivity (an indicator of T+ in
the ATN classification) is almost exclusively observed in
individuals who also show amyloid positivity (116). These
findings based on PET-based AD pathology evaluation
are consistent with those from postmortem studies in
which Braak V/VI at autopsy was almost exclusively
observed in brains showing moderate-to-frequent neuritic
plaque density (117). Additionally, several fluid-based tau
biomarker assays have been validated against amyloid
PET, and this is consistent with the temporal trajectory
of the biomarkers. While more studies are needed, these
observations provide some evidence that flortaucipir
PET positivity, ascertained using specific criteria and
methodology, could be a robust indicator of both T+ and
A+ status. However, the converse is not necessarily the
case; while A- status would be highly indicative of T-
status, A+ status alone is not per se indicative of T+ status
nor is T- status per se indicative of A- status.

In the context of CSF-based biomarkers, several studies
have reported that assays to detect both amyloid and
tau (e.g., P-taul81/Ap42 or T-tau/AP42 ratios) perform
well, and sometimes better than tests for amyloid or tau
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individually (54, 69, 70) in predicting AD pathology at
autopsy or amyloid PET SoTs (61-64, 75, 76, 118). Overall,
these data suggest that there is value in considering both
amyloid and tau CSF marker findings when predicting
amyloid status as defined by PET. In the case of blood-
based biomarkers, studies are needed to evaluate the
performance of plasma tau biomarkers (e.g., plasma
P-taul81) in the prediction of both amyloid and tau PET
status (103).

Discussion

While numerous diagnostic tests are available, their
use in clinical practice in the AD field is limited (17). It
is likely that the complexity of the AD biomarker field
is partly responsible for this. This review provides an
overview of diagnostic tests and their performance to
help clinicians with optimal management of their patients
with cognitive or behavioral symptoms. We review
published findings on the ability of PET, CSF and blood-
based assays that are authorized in the US or EU or run
as LDTs in the US to ascertain amyloid and tau status in
the US and/or EU; these assays are summarized in Table
2 and tabulated in more detail in the supplementary
table. It is recognized that authorization by a regulatory
authority does not necessarily equate to availability to
HCP; accessibility will be dependent on many factors,
including availability of necessary resources (imaging
tools) and reimbursement options.

In defining amyloid status using PET, all approved
radiotracers performed well in predicting amyloid
pathology at autopsy. CSF-based biomarkers, validated
with either autopsy- or PET-based amyloid pathology
confirmation, showed similar performance across
products and manufacturers, although the CSF AB42/40
and P-taul81/AP42 concentration ratios generally
outperformed the CSF AB42 or P-taul81 concentrations
alone. All available tau biomarker assays accurately
predicted tau pathology as measured at autopsy or using
tau PET.

Findings to date support the interchangeable use of
PET or fluid-based biomarkers to determine positivity
in symptomatic participants; however, as a result
of their non-linear quantitative relationship, this may
not be appropriate in the preclinical stage of disease.
For example, individuals with the same CSF Ap42
concentration could exhibit varying degrees of neocortical
amyloid PET binding.

In recent years, development of fluid-based biomarkers
has accelerated. This is the result of the ability to use
validated PET, rather than autopsy, to evaluate their
performance and the increased accessibility to PET. In
the US, the only FDA-authorized fluid-based biomarker
assays to be used as an aid in the diagnosis of AD were
developed under the BDD program; the FDA has granted
BDD to multiple fluid-based biomarker assays, reflecting
an intent to expedite development of these promising
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biomarker tests. Fluid-based biomarker development
continues to advance through the use of fully automated
assays that offer improved test reliability as well as less
variability across laboratories. We refer the reader to
the respective labels for further information related to
calibration and determining assay thresholds.

Novel biomarkers based on plasma P-taul8l
or P-tau217 are at various stages of development.
Preliminary data show these biomarkers to have high
accuracy in predicting both amyloid and tau status,
as defined by CSF-, PET- or autopsy-based evidence
and they have started to be used, and further tested,
in clinical trials as pre-screening or screening tools for
patient eligibility (93, 103, 106, 119, 120). The FDA has
granted BDD to 2 tests based on the plasma P-taul81
biomarker. While promising in terms of costs and
accessibility for clinical practice, these biomarkers require
thorough technical validation and standardization, as
well as prospective testing in more diverse populations,
including evaluation of the possible impact of comorbid
conditions on test performance (106, 119). Ongoing
studies are also evaluating the ability of CSF and
plasma tau biomarkers to predict amyloid status. While
promising from a research perspective, commercially
available tests in clinical practice settings should be used
in line with current label indications.

While the focus of this review is the clinical validation
of biomarkers, ultimately the biomarkers need to be
employed appropriately and exhibit value in clinical
practice. There has been a significant effort to create
recommendations for use of amyloid PET in clinical
practice (121-123). Moreover, findings from large studies
such as the US-based Imaging Dementia - Evidence for
Amyloid Scanning (IDEAS) study and the EU-based
Amyloid Imaging to Prevent Alzheimer’s Disease
(AMYPAD) Diagnostic and Patient Management study
have demonstrated significant impact of the use of
amyloid PET on outcomes such as diagnostic change,
diagnostic confidence and patient management (124, 125),
with smaller studies providing supporting evidence (126,
127). In the case of tau PET, with only a single radioligand
currently approved for clinical use (in the US), there have
been initial efforts in this realm (128), but more work is
needed to devise clinical guidelines. Use of flortaucipir,
as well as unapproved tau PET radioligands, has been
shown to a significant impact on diagnostic change and
confidence, similar to that seen with amyloid PET (129,
130). In the case of CSF and blood-based biomarkers,
criteria and recommendations for use, respectively,
have been published (106, 131, 132). Recent findings
from a meta-analysis of published studies on the clinical
utility of CSF biomarkers demonstrated their value as
a diagnostic tool (133); studies are currently ongoing to
evaluate the clinical impact of blood-based biomarkers
(e.g. the Quality Improvement PrecivityAD Clinician
Survey [QUIPI]) (134).

There are several limitations to this review. First, it
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was not intended to be a comprehensive review of all
available evidence but an overview to help clinicians
navigate key performance data on diagnostic tests that
are authorized in the US or EU or available as LDTs in
the US. We performed a targeted search of commercially
available biomarkers as of August 2022, prioritizing
studies where there was either autopsy- or PET-based
pathology confirmation. For CSF biomarkers, unless
described as part of the company assay documentation,
we generally excluded studies where assay performance
was assessed through their ability to differentiate between
individuals clinically diagnosed with AD and those
with non-AD conditions or no cognitive impairment;
this topic is reviewed elsewhere (48, 49). A systematic
literature review of biomarker assays that considers all
performance studies, and the associated heterogeneity
in methodology, would certainly be of value in helping
HCPs to definitively compare assay performance. Second,
as a result of the rapidly evolving biomarker landscape
the list of approved diagnostic tests included in this
review may not be exhaustive. Third, while challenges in
AD diagnosis are of global concern, our review focused
solely on the US and EU landscapes in part to simplify
this already complex topic and in part due to limited
access to biomarker assays and information in many
countries. Finally, while the EU landscape was a primary
focus for this paper, we did not consider EU country-
specific variations in regulations and reimbursement.

In conclusion, a number of PET- and fluid-based
biomarkers for the detection of both amyloid and tau
pathologies are now available for use in the US and
EU. All assays generally accurately detect amyloid or
tau pathology in populations with AD, though there is
some variability in performance findings dependent on
methodological differences. Importantly, assays should
be employed in accordance with label indication and
recommendation. In some cases, further validation
efforts may be needed, and this will ultimately help
control pre-analytical, analytical, and post-analytical
sources of variability; this standardization will help
define thresholds that can be applied across centers and
geographies, facilitating broad adoption and informed
use by HCPs.
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