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SUMMARY

Timely detection of the pathophysiological changes and cognitive impairment caused by
Alzheimer’s disease (AD) is increasingly pressing because of the advent of biomarker-guided
targeted therapies that may be most effective when provided early in the disease. Currently,
diagnosis and management of early AD are largely guided by clinical symptoms. FDA-approved
neuroimaging and cerebrospinal fluid biomarkers can aid detection and diagnosis, but the clinical
implementation of these testing modalities is limited because of availability, cost, and perceived
invasiveness. Blood-based biomarkers (BBBMs) may enable earlier and faster diagnoses as well
as aid in risk assessment, early detection, prognosis, and management. Herein, we review data

on BBBMs that are closest to clinical implementation, particularly those based on measures of
amyloid-p peptides and phosphorylated tau species. We discuss key parameters and considerations
for the development and potential deployment of these BBBMSs under different contexts of use and
highlight challenges at the methodological, clinical, and regulatory levels.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurological disease and the most common cause
of dementia in older adults. While dementia syndromes may be caused by many different
conditions, AD refers to a specific etiology defined by the characteristic neuropathology of
amyloid-B (AB) plagues and neurofibrillary tangles (NFTs). AD includes a continuum of
preclinical, prodromal, and dementia stages lasting several decades. ‘‘Symptomatic AD”’
refers to cognitive impairment caused by AD brain pathophysiology and includes mild
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cognitive impairment (MCI) due to AD, in which there is objective evidence of cognitive
impairment but no significant functional impairment, as well as AD dementia, in which both
cognition and function are impaired. ‘‘Early AD dementia’’ refers to MCI or mild dementia
due to AD. Individuals with early AD dementia are a major target population for current
clinical trials.

A disease-modifying therapy (DMT) for AD is defined as an intervention that produces
enduring changes in the clinical progression of AD by interfering with the underlying
pathophysiological mechanisms of the disease that lead to cell death.? Efforts in developing
DMT in the last two decades have focused on targeting these underlying pathophysiological
processes, such as A, tau, inflammation, and metabolism. Two amyloid-targeting
monoclonal antibody therapies were recently approved by the US Food and Drug
Administration (FDA).23 This historic change in the AD therapeutic landscape calls for

a transformation in the patient journey that allows for more timely detection, diagnosis, and
treatment.

There is a critical unmet need in the AD patient clinical care pathway, namely

more accessible tests for AD. This unmet need has stimulated tremendous growth in

basic and translational research. Development of blood-based biomarkers (BBBMs) has
proceeded at an unprecedented pace, and the momentum will likely continue. The

objective of this review is to summarize information on BBBMs that is relevant for near-
term clinical implementation and, more importantly, to describe the key concepts and
considerations for evaluating BBBM data scientifically to facilitate planning for timely
clinical implementation. We use a context-of-use (COU) framework to organize the complex
evidence-driven information.

EVOLUTION OF AD DIAGNOSTIC FRAMEWORK AND INCLUSION OF
BIOLOGY

Until the 21st century, a presumptive diagnosis of AD dementia was based on clinical
features, with a definitive diagnosis requiring postmortem pathological confirmation. In the
early 2000s, cerebrospinal fluid (CSF) biomarkers and positron emission tomography (PET)
with radiotracers that bound to amyloid plaques enabled antemortem detection of molecular
and cellular signatures of AD pathophysiology. Biochemical analyses of CSF revealed
changes in various forms of AB and tau over the disease course.* In 2002, development of
Pittsburgh compound B (PiB) allowed visualization of cerebral amyloid plaques in living
persons over the disease continuum.>8 CSF and PET biomarker availability allowed studies
to correlate underlying pathological changes to clinical manifestations and set the stage for
use of these biomarkers in the diagnosis of AD. These developments led to the advancement
of clinical-biological research criteria for AD.”-8 More recently, a comprehensive biological
research framework was formulated for amyloid, tau, and neurodegeneration status (i.e.,
ATN research framework).2:10 This system was incorporated into the 2018 National Institute
on Aging and Alzheimer’s Association’s research framework to create a scheme for defining
and staging the disease across its continuum.1® As understanding of AD pathophysiology
expands, the ATN system is evolving toward ATX(N), where “*X’” refers to additional
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pathophysiological markers such as inflammation (e.g., GFAP, sSTREM2, YKL40, CXCL10)
or vascular factors (e.g., SPDGFR).11 While initial studies on these ““X’” biomarkers were
conducted in CSF, emerging data generated with plasma suggest that these biomarkers may
be useful as BBBMs for prediction of cognitive performance, AR accumulation, conversion
from MCI to AD dementia or for differential diagnosis.12-18 Research efforts are ongoing

to determine the identity and range of “*X’” as a potential addition to enhance the battery of
BBBMs in AD, and more evidence is warranted before future biomarkers based on X can

be incorporated for clinical use. The current limitations precluding clinical implementation
include, but are not limited to, the exact role and timing of glial or other “*X’” dysfunction in
the AD pathophysiological process, the unclear nature of the spatiotemporal interconnection
between X with other components of ATX(N), and the obscuration of CNS-derived X
changes in blood by peripherally derived X.

CURRENT AD CLINICAL CARE PATHWAY AND ITS LIMITATIONS

The vast majority of patients with symptomatic AD have the sporadic, late-onset form, with
symptom onset at 65 years or older.1® The clinical journey typically starts when cognitive
decline is noticed by the patient or their family, and concerns are expressed to the primary
care doctor, who sometimes performs brief cognitive testing; in some cases, the patient

is referred for further evaluation. If the patient sees a neurologist or dementia specialist,

a comprehensive diagnostic workup is performed to identify the underlying cause(s) of
cognitive impairment. Although the elements of diagnostic evaluations are individualized
based on the patient’s medical history and clinical presentation, the workup can include

a detailed history from someone who knows the patient well; physical, neurological, and
cognitive examinations; routine blood tests and structural brain imaging; and in some
countries, especially Europe, a lumbar puncture (LP) with CSF biomarkers for AD.
Currently, the diagnosis of MCI or dementia due to AD is still largely a diagnosis of
exclusion that is assigned after other causes (e.g., medical conditions, medication side
effects, cerebrovascular disease, other neurodegenerative conditions, psychiatric conditions)
have been ruled out. The complex diagnostic pathway, combined with the very limited
number of dementia specialists in most regions, often results in substantial delays in
diagnosing early AD dementia. Given that DMTSs for AD are most likely to be effective
when given early in the disease, there is a critical need for diagnostic tools that can
complement and potentially replace current approaches, increasing the capacity to rapidly
identify patients with early symptoms of AD.

WHY DO WE NEED BBBMs FOR AD?

PET and CSF biomarkers of the Ap pathway are already approved by the FDA to aid in
diagnosis of AD and are widely used in clinical research. However, AD biomarkers are

not routinely incorporated into clinical care for the vast majority of patients presenting
with memory and thinking concerns. A national clinical utility study in the United States
that included >11,000 participants with MCI or dementia of uncertain cause showed that
knowledge of amyloid PET status changed patient management in approximately 60% of
patients.20 However, use of amyloid PET in routine practice is very limited because it is
expensive, not typically reimbursed by insurance, and not widely available. CSF biomarker
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tests are highly concordant with amyloid PET, but their routine use is also very limited
because many providers do not perform LPs and some patients perceive LPs as invasive or
risky. Amyloid PET or CSF biomarker tests are typically used only after a full workup and
only if the information is expected to affect management, setting a high threshold to obtain
these tests and greatly limiting their use.

The unmet need for BBBMs is made more pressing by the enormous number of cases that
will require prompt evaluation and treatment if new therapies became available. A 2021
report estimated that 12.23 million individuals in the United States live with MCI in 2020
and that this number will grow to 21.55 million in 2060.21 Most of those patients have

not been tested for AD pathology because of the assumption that a more certain diagnosis
would not change clinical management. With the advent of therapies that specifically target
AD pathophysiology and will require confirmation of AD pathology prior to initiation of
treatment, 2223 more patients will require a rapid and accurate diagnosis before their disease
progress beyond the early stage. Delays in diagnosis could reduce the impact of treatments,
which may be more effective the earlier they are given. Global healthcare systems are

not prepared to handle this challenge, with the main constraint being specialists’ limited
capacity to evaluate and diagnose patients.24

CONTEXTS OF USE FOR AD BBBMs

The AD research field has been attempting to develop BBBMs for many years, but only

in the past several years have technical innovations in analytical methods reached sufficient
sensitivity, precision, and scalability to make BBBMs use a possibility in clinical practice.
BBBMs have been rapidly integrated into clinical trials to accelerate trial enrollment, reduce
costs, and assess the efficacy of treatments.2>-2% AD clinical trial enrollment is a slow and
expensive process, partly because of a high screen-failure rate in enrolling participants:
trials of participants with mild AD dementia have an average screen-failure rate of 44%;
some trials enrolling cognitively normal participants with AD pathology have a substantially
higher screen failure rate of 88%.30 Even if amyloid and tau PET or CSF tests are used
during trial screening to ensure patients have underlying AD pathology, use of BBBMs

as a prescreen can reduce the recruitment time and cost of trials. A study evaluated four
paradigms that incorporated an AD blood test at different points during enrollment and
concluded that use of a BBBM could reduce enrollment time by 50% and cost by >75%.31
BBBMs have been examined in recent trials to assess the relationship to amyloid PET,
inform clinical outcomes, and measure responses to therapy.32-3°

While BBBMs are now increasingly important in clinical trials, they may also play a
transformative role in clinical care because they may be the only modality that can enable
broad patient access to AD biomarker testing. A suite of BBBMs with different COU

could transform the care pathway for patients with cognitive concerns. Potential touchpoints
of BBBMs along the next-generation patient-care pathway are illustrated in Figure 1.
Currently, the most pressing need and the area where BBBMs will initially have the biggest
impact is identifying patients with AD pathophysiology as part of the early diagnostic
journey of those with cognitive symptoms. BBBM tests developed for the primary care
setting could have an even bigger impact when used in a multistep diagnostic pathway, e.g.,
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in conjunction with cognitive tests for informing specialist referrals.3® These tests could
significantly alleviate the burden on specialists and reduce wait times for diagnosis and
treatment.3” A recent modeling study that examined potential implications if an effective AD
treatment were available showed that if specialist referral also required a positive BBBM test
(in additional to a brief cognitive test), wait times for AD treatment could be reduced from
approximately 50 months to 12 months.38 A challenging but worthwhile task is to introduce
a scalable BBBM test as part of brain health annual screening for older adults (e.g., =250
years), as is done for breast, prostate, and colorectal cancer screenings. Screenings would
allow for monitoring of at-risk groups, such as those with a strong family history of AD
dementia, and early intervention.

BBBMs may have useful applications in AD treatment support, including treatment decision
making and monitoring. For example, the prescribing information for the first two FDA-
approved amyloid-targeting treatments mandates the confirmation of amyloid pathology
prior to initiating treatment, consistent with the mechanism of action of those compounds as
well as the patient inclusion criteria in pivotal trials.2:3 Currently, confirmation of amyloid
pathology is accomplished with amyloid PET scans or CSF testing. Given the limited
capacity of the health care system to perform amyloid PET and LP, use of a highly accurate
BBBM test that can replace amyloid PET or CSF testing will be a much more attractive
option for the confirmation step. As additional AD therapies become available, BBBMs
may facilitate decisions on treatment selection and patient stratification. During treatment,
BBBMs may provide a faster and more quantifiable indication of efficacy than cognitive or
functional assessments.

CONSIDERATIONS FOR THE DEVELOPMENT AND IMPLEMENTATION OF
BBBMs UNDER DIFFERENT COUs

Clinical performance

Requirements for clinical performance of a biomarker depend on its specific COU. In
clinical diagnosis, accuracy, defined as the ability of a test to discriminate between those
with and without the disease, is the most important consideration. Diagnostic accuracy can
be measured by sensitivity and specificity, overall accuracy, positive and negative predictive
values, likelihood ratios, the area under the receiver operating characteristics curve (AUC),
the Youden index, and the diagnostic odds ratio. In most published studies, the commonly
reported metrics on BBBMs in AD are the AUC, sensitivity, and specificity (see Box 1 for
glossary of terms).

In most AD BBBM studies, diagnostic performance is reported for the cut point selected
based on the maximum Youden index, which is the combined sensitivity and specificity.
The Youden index does not take into consideration the test’s intended use, and the optimal
cut point may vary according to the intended use. For example, to use a biomarker as a
rule-in test, a cut point should be selected to achieve high specificity, thereby minimizing
false-positive results. Conversely, for a rule-out test, a high sensitivity should be prioritized
to minimize false-negative results. It is also possible to have more than one cut point.

In a laboratory-developed test (LDT) that uses the combination of plasma AB42/40,
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apolipoprotein E (ApoE) proteotype, and age, a risk score was derived for assessing

brain amyloid status, and two cut points were chosen to define high-risk, low-risk, and
intermediate/indeterminate categories.3? Clinical validation data showed that patients in

the intermediate category (14% of total) had an almost even chance of being amyloid
positive or negative by PET. Characterizing these patients into either a positive or a negative
classification would create a high likelihood of misclassification. Therefore, an intermediate
category (where the blood test result is not informative) may be a warranted trade-off,
improving diagnostic confidence and accuracy for the high- and low-risk categories.
Similarly, the Lumipulse G CSF Ap42/40 test for brain amyloid plaque, recently approved
by the FDA as /in vitro diagnostic (IVD) for AD, also has two cut points, with the
intermediate category defined as “‘likely positive.””40 Applying a two-cut-point approach

to the Elecsys assays measuring CSF pTaul81/Ap42 was shown to enhance the prognostic
performance of the biomarker in the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
cohort.#1 Because of increased uncertainty in the intermediate category, care should be taken
when interpreting the intermediate biomarker result for patients.

The requirements for diagnostic performance should be set with the test’s intended purpose
in mind. For example, a test used in a clinical trial to pre-screen participants for amyloid
positivity prior to amyloid PET does not need to be as accurate as a test intended to replace
amyloid PET. The risks, costs, and benefits of each scenario should be carefully considered,
such as the consequences of false positives or false negatives, and the benefits of having
incremental or marginal improvement in a chosen diagnostic parameter. Considerations

of risks, benefits, and performance characteristics of a test under different COUs are
summarized in Table 1. For example, Schindler et al. evaluated the time and financial cost of
using the BBBM in screening potential participants for enrollment in AD clinical trials. The
reduction in enrollment time and the financial savings were only marginally improved with
a nearly perfect AD blood test (sensitivity, 0.95; specificity, 0.90) compared with a highly
accurate AD blood test (sensitivity, 0.85; specificity, 0.80).31 The incremental benefit-cost
relationship is dependent on the COU and must be evaluated on a case-by-case basis.

The intended-use population is a critical consideration because it impacts positive and
negative predictive values (PPVs and NPVs) through disease prevalence. Using amyloid
PET positivity as a proxy for the disease, the prevalence of AD in people aged 65 to 69
years with MCI is around 50%.42 In this population, a BBBM test with 75% sensitivity and
80% specificity would have a PPV of 0.79, meaning that ~8 of 10 individuals with a positive
BBBM test would be amyloid PET positive. However, the prevalence of AD in people aged
55 to 59 years with normal cognition is only 11.6%,% and the same BBBM test would

have a PPV of only 0.33, meaning that 67% of individuals in this population with a positive
BBBM test would in fact be amyloid PET negative. Given that the prevalence of AD in
dementia clinic settings is much higher than in primary care settings and varies considerably
by age and cognitive symptoms, caution is needed in interpreting the results of BBBM tests
in different types of populations.

The performance of BBBM tests should be evaluated in cohorts that are relevant to the
COU. In most BBBM studies, multiple comparisons are performed based on grouping
patients by cognitive status (cognitively unimpaired [CU], subjective memory complaint,
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MCI, AD, etc.), and multiple results are reported (e.g., AUCs or correlation coefficient). The
ability of a test to distinguish extremes (e.g., amyloid-negative CU from amyloid-positive
AD dementia) may be substantially different from the ability to distinguish between similar
groups (e.g., amyloid-negative CU vs. amyloid-positive CU). For diagnosing individuals
with cognitive symptomes, clinical performance in distinguishing amyloid negative vs.
positive results in cognitively impaired individuals would be most relevant. Similarly, for
prevention trial enrollment and risk assessment, comparison between amyloid-negative

CU from amyloid-positive CU is most relevant. Taken together, when considering and
assessing the clinical performance of a biomarker, it is essential to consider the intended-use
population and COU and to apply a fit-for-purpose approach for cut point selection.

Implementation

For wide adoption of a BBBM, scalability and ease of implementation and interpretation
must be considered. For example, a test that requires immediate centrifugation of samples
may be difficult to implement in a primary care office because most practices are not
equipped to centrifuge or freeze samples. Additionally, in large-scale laboratory testing
facilities, complex tests are typically outsourced, and these facilities rarely have the capacity
to centrifuge or even freeze blood samples. Therefore, blood tubes are typically collected,
stored, and shipped at room temperature, which is very different from protocols used by
most AD research centers in clinical research studies. Ideally, BBBM tests would require
little to no sample processing and be transportable at ambient temperature.

The complexity of a test may affect the ability of clinicians to interpret the results. For
example, a test that integrates multiple BBBMs or a BBBM with other diagnostic modalities
(i.e., digital biomarker, genetic information, cognitive testing, or clinical information)

is conceptually appealing. However, in practice, performing multiple types of tests and
integrating the information is more difficult, especially in a primary care setting. To have the
best chance of changing the clinical standard of care, the test should be easy to perform and
provide a readily understandable result that can be integrated to electronic health records for
longitudinal monitoring.

MAJOR BBBMs THAT ARE CLOSEST TO CLINICAL IMPLEMENTATION

The latest advances in BBBMs for AD have been extensively reviewed.#344 The purpose
of this review is not to present a comprehensive summary of all promising candidates

but rather to focus on BBBMs currently available in the clinic or closest to clinical
implementation, namely plasma Ap42/40 ratio and plasma concentrations of several pTau
isoforms. Neurofilament light chain (NfL) and glial fibrillary acidic protein (GFAP) will be
briefly discussed, as there have been many recent studies on these two BBBMs. NfL is a
biomarker of neuroaxonal damage, which is not specific for AD, and it is therefore unlikely
to be used on its own for AD diagnosis. Plasma GFAP is an emerging AD BBBM and
shows promise for AD diagnosis and prognosis. Both NfL and GFAP are being explored as
biomarkers of treatment effects in AD clinical trials.
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Plasma Ap42/40

It was first reported in 1995 that Ap42 concentration was significantly reduced in the

CSF of patients with AD dementia.*® Subsequent studies confirmed this finding and
demonstrated that lower CSF Ap42 was associated with brain amyloid pathology, likely due
to sequestration of AB42 into amyloid plaques.*6-48 It was also found that the CSF Ap42/40
corresponds better than AB42 to brain amyloid pathology owing to the normalization effect
of AB40, which essentially controls for interindividual differences in the production of

AB peptides in the brain.49 Similar effects were found in plasma several years ago, when
technological advancements enabled precise measurement of AB40 and AB42 at a much
lower abundance and in a much more complex matrix.>-56 While individuals with amyloid
pathology have reductions in CSF Ap42/Ap40 of approximately 50%, reduction in plasma
AB42/ABA0 are only 10%—-15%.39:50.52.57 The smaller effect size could be due to peripheral
production of A that is not impacted by AD pathophysiology, thus diluting brain-derived
AP and reducing the dynamic range of this measure. Analysis of discordant cases among
fluid (CSF and plasma) amyloid biomarkers, amyloid PET, and results of longitudinal
studies suggests that changes in CSF and plasma amyloid may be detected earlier than the
typical detection threshold for amyloid PET.52:58 Various assays for AB42/40 can be divided
into two broad categories: immunoassay based vs. mass spectrometry (MS) based, which
have been previously reviewed in depth,57:59.60

Phosphorylated-tau (pTau) isoforms

In addition to amyloid plaques, a pathological hallmark of AD is NFTs composed of highly
phosphorylated, microtubule-associated protein tau. Hyperphosphorylated tau inclusions in
neurons or glial cells are also found in some non-AD neurodegenerative diseases, such as
frontotemporal dementia with parkinsonism-17, Pick’s disease, progressive supranuclear
palsy (PSP), and corticobasal degeneration (CBD), which together are referred to as
tauopathies.®1 CSF total tau (tTau) and tau phosphorylated at position 181 (pTau181) are
elevated in AD dementia compared with normal controls.52 CSF tTau is elevated relatively
nonspecifically in AD and non-AD dementia, whereas elevated pTaul81 is more specific
to AD dementia.%3:64 Studies of individuals carrying autosomal dominant AD mutations
suggest that CSF tau is phosphorylated at different sites over the course of AD.%9:66 Some
studies suggest that phosphorylation of tau at threonine 231 (pTau231) increases early,
followed by an increase in phosphorylation at threonine 217 (pTau217), then at threonine
181 (pTaul181), and later at threonine 205 (pTau205).67:68 These initial increases in tau
phosphorylation occur at approximately the same time that amyloid PET SUVR begins to
increase, well before the formation of significant NFT burden in the brain.

Because of technical challenges in measuring low-abundance analytes in a complex matrix,
consistent data on plasma pTau isoforms started to emerge only recently, and the literature
has been rapidly growing since. As with CSF findings, elevation in pTau isoforms occurs
early in the disease process and increase along the AD continuum, with worsening severity
of NFT pathology as assessed by tau PET or neuropathology.%-2 Some studies suggest that
changes in plasma pTau231 precede those of pTau217 and pTaul81, extending the findings
from CSF.68.73-75 Neuroimaging studies have demonstrated that plasma pTau isoforms
reliably predict the status of both brain amyloid PET and tau PET.”6-78 Consistent with this,
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neuropathological findings from a small population-based cohort (n = 35) revealed that both
Tau and AR neuropathology are significant predictors of plasma pTau217 concentrations.”®
However, soluble pTau isoforms correlate better to Ap than neuroimaging-derived tau
pathology. In a cross-sectional study of 2 observational cohorts, plasma pTaul81 and
pTau231 are shown to more closely associate with 18F-AZD4694 amyloid PET than 18F-
MK6240 tau PET.80 Longitudinal studies in sporadic AD showed that CSF and plasma
pTau217 mediate the association between AP and tau PET change, consistent with findings
from longitudinal study in autosomal dominant AD.67.70.81 When interpreting findings
from biofluid, neuroimaging, and neuropathological biomarker studies, it is important to
recognize that results not only reflect the underlying pathophysiology but are also impacted
by the sensitivity of the different analytical measures. For example, tau PET has been shown
to only detect tau pathology once it reaches Braak stage VV/V1, suggesting that it may not

be sensitive enough for study earlier clinicopathological stages of disease.82 The biomarker
findings, combined with insights obtained from studies of cell cultures and transgenic mice,
suggest a model in which tau phosphorylation occurs as an early event in the Ap cascade,
closely linked with Ap pathology, and precedes downstream events that further lead to
accumulation and maturation of NFTs.79:83.84 Simply put, changes in the concentrations of
pTau isoforms reflect a pathophysiological dynamic between the formation of Ap plaques
and tau aggregation.

A number of assays have been developed to measure pTau isoforms in blood, which

were recently reviewed in Karikari et al.8%> Most published pTau studies have employed
immunoassays on either the Meso Scale Discovery (MSD) platform86-88 or the single-
molecule array (Simoa) platform,’® both with analytical sensitivity below the pg/mL range.
In addition, a liquid chromatography-MS/MS approach, similar to the one developed to
measure plasma AB42/40, was reported in 2020.%5 A side-by-side comparison demonstrated
that clinical and analytical performance of various Simoa pTau assays are largely
comparable and that their results correlated moderately to strongly.8° pTau species are

less abundant than amyloid peptides in plasma, with pTaul81 and pTau231 having

similar abundance and pTau217 having a much lower concentration.6%:73.89 One important
distinction between plasma pTau isoforms and Ap42/40 as biomarkers is their effect size.
In contrast with the 10%-15% average difference in plasma Ap42/40 between amyloid-
positive and -negative groups, differences in concentrations of pTau isoforms are dependent
on disease stage, showing a 42%—77% increase in cognitively unimpaired, older, amyloid-
positive individuals and 2- to 4-fold or higher levels in amyloid-positive individuals with
MCI or AD.7889-91

NfL and GFAP

NfL is a component of the axonal cytoskeleton and found primarily in larger myelinated
axons.%2 It is released upon axonal injury, resulting in an increase in concentration in

CSF and blood. Elevated CSF NfL was first associated with neurodegenerative diseases

in 1996.93 CSF and blood concentrations of NfL strongly correlate with each other and
have been shown to increase in MCI and AD dementia.?*95 To date, a substantial body of
evidence has been built on blood-based measurement of NfL as a sensitive, but non-disease-
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specific biomarker for all causes of neuronal damages, such as various dementia, traumatic
brain injury, cerebrovascular diseases, and multiple sclerosis.%

GFAP is an intermediate filament-I11 protein. In the CNS, it is uniquely found in astrocytes,
cells that provide both structural and functional support for neurons. Following CNS injury,
GFAP and its breakdown products are rapidly released into biofluids, making them suitable
biomarkers. Studies have shown that plasma GFAP is increased along the AD continuum:

it is higher among individuals with preclinical AD (as defined by brain A pathology in

CU elderly) and even higher in symptomatic stages of AD.%7-9 Analyses of paired plasma
and CSF samples showed that plasma GFAP outperforms its CSF counterpart, with a higher
magnitude of change for plasma GFAP and more accurate discrimination of Ap-positive
from ApB-negative individuals.%’ In the context of the ATX(N) framework, NfL represents
(N), whereas GFAP reflects the neuroinflammatory **X’’ component.11

Almost all recent studies on GFAP and NfL in AD used the same commercially available
Simoa-based research use only (RUO) assays that are well established and validated,

but similar results have been generated by GFAP assays on fully automated platforms.5!
Compared to AB42/40 and pTau isoforms, where a multitude of assays and platforms are
employed, the relatively standard assays for NfL and GFAP facilitates comparison and
reconciliation of results from different studies and accelerates the development of such
biomarkers toward clinical implementation. Notably, a clinical test for NfL (in the form

of CLIA-approved LDT) has been developed and received breakthrough-device designation
from the US FDA intended for clinical management of multiple sclerosis.%®

EVIDENCE SUPPORTING THE USE OF BBBMs IN VARIOUS COUs

Diagnosis

Major previous findings on plasma AB42/40 and pTau isoforms are summarized in Tables

S1and S2. The AUC is widely reported and is therefore provided in the table as a measure
of clinical performance. Studies with small cohorts or those that did not report AUC were

not included.

Studies have demonstrated that lower plasma AB42/40 is associated with the presence of
cerebral amyloid plaques, regardless of cognitive status. Adding age and APOE genotype
to models including plasma Ap42/40 generally improves diagnostic performance, although
this effect may depend on the cohort. However, major differences have been identified in
the performance of AP42/40 assays. MS-based assays have generally demonstrated higher
performance, while Simoa-based kit assays, including single plex, 3-plex, or 4-plex, have
yielded low and, in some cases, even poor performance. In one study, the Simoa assay
underperformed the basic model (age, sex, and APOE 4 status), and in a few other studies,
it yielded AUC values just slightly above 0.50.190-102 The value of AB42/40 in differential
diagnosis has rarely been assessed. In one study, Ap42/40 was measured in patients with
AD dementia (based on clinical diagnosis and confirmed by CSF Ap42/40) and other
neurodegenerative diseases (confirmed by clinical diagnosis) and yielded an AUC of 0.62.91
Because the assay used in that study is one of the lower-performing AB42/40 assays,>’
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it is not clear whether the modest performance is a result of the assay or the underlying
pathophysiology.

Previous findings on concentrations of plasma pTau isoforms are summarized in Table

S2. Overall, the various plasma pTau isoforms (181, 217, and 231) have shown moderate
to excellent concordance with CSF biomarkers, amyloid PET, tau PET, neuropathological
findings, and clinical diagnosis across the AD continuum (Table S2). In general, plasma
pTau isoforms perform better at distinguishing amyloid PET status in cognitively impaired
cohorts compared with cognitively normal cohorts, consistent with continued increases

in pTau isoforms during the symptomatic stages of AD.89.70.77.86,103,104 gome studies
comparing pTaul81 with pTau217 demonstrated that pTau217 is superior across different
reference standards (CSF biomarkers, amyloid PET, tau PET, neuropathological findings,
and clinical diagnosis) and different assay platforms (MSD, MS, Simoa),55.91,100,105,106
consistent with findings in CSF.107.108 Higher clinical performance is correlated with

a bigger effect size for pTau217, suggesting that threonine 217 phosphorylation is
considerably increased in AD compared with threonine 181. A few head-to-head studies
have been conducted recently to compare the performance of the various pTau assays

and have demonstrated that pTau biomarkers, as a class, perform consistently well in
discriminating brain Ap status, with AUCs > 0.9 and approaching the same biomarkers

in the CSF.89.106.109.110 These data suggest that pTau biomarkers might be the earliest to be
widely adopted in clinical practice.

Concerning differential diagnosis, several studies lend strong support to the clinical value

of pTau isoforms, in contrast to the limited data on the utility of plasma AB42/40.
Frontotemporal lobar degeneration (FTLD) is a clinically and pathologically heterogeneous
syndrome sometimes misdiagnosed as AD. Insoluble tau deposition in neurons and glia is
found in a subset of patients with FTLD.111 Two studies reported excellent performance
(AUC 0.88-0.93) of plasma pTaul81 in differentiating AD from FTLD, using clinical
diagnosis or neuropathology as the reference standard.88.112 Karikari et al. showed that
pTaul8l can differentiate clinically diagnosed AD (n = 33) from frontotemporal dementia
(FTD, n = 8) with 100% accuracy; with a larger cohort, the authors showed that pTaul81 can
differentiate AD from a variety of non-AD neurodegenerative diseases, with AUC ranging
from 0.82 to 0.92.76 Another group reported that pTaul81 differentiated AD dementia from
non-AD neurodegenerative diseases with an accuracy similar to that of tau PET and CSF
pTaul8l (AUC 0.94-0.98) and detected AD neuropathology in an autopsy-confirmed cohort
(AUC, 0.854).77

It is worth noting a recent study that examined brain-derived tau (BD-tau) in blood.113 An
ultra-sensitive immunoassay was developed using a monoclonal antibody that selectively
binds to CNS tau isoforms, allowing the measurement of the portion of total tau (tTau)

in blood that is derived from the brain. Unlike plasma tTau, which is poorly correlated

with CSF tTau, BD-tau is strongly correlated with CSF tTau. Using a neuropathology
cohort, the authors showed that BD-tau was increased in AD versus other neurodegenerative
diseases with an AUC of 0.864. In addition, BD-tau was correlated with the severity of AD
neuropathology. More studies are needed to further explore the potential utility of BD-tau in
differential diagnosis.
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Two studies have evaluated the combination of plasma Ap42/40 and pTau217 in predicting
amyloid positivity. Adding plasma AB42/40 to pTau217 slightly improved its ability to
detect abnormal brain A status in cognitively normal individuals (i.e., AUC improved from
0.83 to 0.86) and did not change its AUC performance in MCI individuals.114 In another
study that used different assay platforms, adding pTaul81 to Ap42/40 marginally increased
the performance in distinguishing Ap-positive results in CU and MCI populations (by 3-

4 percentage points in AUC).115 More data are needed to determine whether combining
plasma AB42/40 with pTau measurements will enhance accuracy significantly enough to
warrant the increased test complexity.

As biomarkers for neurodegeneration, CSF and plasma NfL measures are not specific for
AD. NfL is increased in other primary neurodegenerative diseases, such as FTD, PSP,
CBD, amyotrophic lateral sclerosis, and Creutzfeldt-Jakob disease.11 The ability of NfL to
discriminate individuals with or without AD based on clinical diagnosis or AP pathology is
typically not as good as AB42/40 or pTau isoforms. NfL often does not add a significant
value when combined with other biomarkers.100:104.114,117-119 Therefore, NfL likely will
not be useful in AD diagnosis. Plasma GFAP has a positive association with cortical

AP deposition (as determined by amyloid PET) in the early stages of AD, including the
pre-clinical stage.120 Plasma GFAP correlates well with amyloid pathology, with an AUC
of approximately 0.80 in multiple studies.17:98.117.119 \When combined with base model
information (age, sex, and APOE &4 carrier status), the AUC improves to 0.91.%8 There

are limited data on blood GFAP in other primary neurodegenerative diseases. In one study,
GFAP distinguished AD vs. behavioral variant FTD (bvFTD) with an AUC of 0.85; it also
distinguished Parkinson’s disease dementia (PDD) or dementia with Lewy bodies (DLB)
from control participants (AUC 0.87), Parkinson’s disease without cognitive impairment
(AUC 0.88) and bvFTD (AUC 0.79).12

As evident from Tables S1 and S2, most studies are of the discovery type, where the cutoff
and model are established to maximize the diagnostic performance of a given cohort. In

a few cross-validation studies, a model or cutoff derived from one cohort was tested on

a different cohort. Few of those studies represent a true clinical validation, in which a
cutoff or model is established from a prespecified discovery cohort and then applied to an
independent, prespecified, and prospective validation cohort.50:51 Such external validation
establishes a biomarker’s performance in a completely independent dataset not used during
initial testing. Validation must be established using data from different time frames,
institutions, or geographic regions. An independent validation cohort is needed to ensure
that findings from the discovery cohort are not due to bias or overfitting of data and to
build confidence in the biomarker findings. The validation cohort’s clinical performance

is reported as the test’s performance and is usually not as good as that of the discovery
cohort.50:57 1t is also critical that validation be performed in the intended-use population

to establish the clinically relevant performance. Of note, many studies reflect discovery

or replication rather than validation. In fact, the term “‘validation’” is used loosely in

some biomarker publications. In certain instances, validation refers to replication of clinical
performance in a different cohort with its own Youden index-derived performance data.
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The choice of reference standard is critical in evaluating clinical performance. The reference
standards used for evaluating diagnostic performance of the BBBMs include postmortem
neuropathological examination, amyloid or tau PET, CSF Ap42/40, and clinical diagnosis
(Tables S1 and S2). While postmortem neuropathological confirmation is the true gold
standard, its availability is very limited. The three FDA-approved amyloid PET tracers
18F_labeled compounds florbetapir, flutemetamol, and florbetaben and the tau PET tracer
18F_labeled flortaucipir were approved by FDA based on their concordance with postmortem
neuropathology. Two CSF tests, Lumipulse AB42/40 and Elecsys pTaul81/Ap42, were
recently approved by the FDA based on their concordance with amyloid PET.40:122 Even
though PET or CSF AB42/40 have generally been accepted as an appropriate reference
standard for AD pathology, they may not capture the same information as postmortem
pathology. For example, the binding of 18F-labeled flortaucipir to brain tissues does not
correlate 100% with AT8 immunostaining, the standard method to assess NFT pathology

in postmortem brain.123 While most of the BBBM studies were done with PET or CSF as
reference standard, there are a number of studies that use neuropathology as a reference
standard to determine the performance of pTaul81, pTau217, and pTau231 in differential
diagnosis. The AUCs of these plasma pTau isoforms in differentiating autopsy-confirmed
AD cases vs. autopsy-confirmed other neurodegenerative diseases ranged from 0.72 to
1.00.72.77.78,88,91,124 | one study that evaluated neuropathologically confirmed AD (n =
62) vs. control (n = 41) cases, pTau181 yielded an AUC of 0.82.125 |n another similar
study (AD/control = 33/80), pTaul81 and pTau217 yielded AUCs of 0.77 and 0.84,
respectively.100 There are few studies evaluating the concordance of plasma AB42/40 and
neuropathological findings. In two studies that assessed the ability of plasma Ap42/40 to
discriminate neuropathologically confirmed AD vs. controls, the AUCs were 0.72 and 0.58,
respectively.91:100 Of note, the AB42/40 assays employed in those two studies were not the
best-performing plasma AB42/40 assays.

Although FDA-approved use of amyloid PET tracers specifies visual read to determine
positivity, most plasma AB42/40 studies used more sophisticated approaches to quantify
amyloid PET burden. For example, many studies used tracer-specific or study-specific
standardized uptake value ratios (SUVRS) or Centiloid, a standardized scale to harmonize all
four tracers.126 Another potential caveat is that while visual amyloid PET reads are typically
used in clinics and clinical trials, BBBM cutoffs are typically established by comparison to
quantitative amyloid PET measures, which, when set at the optimal threshold, have been
shown to be more sensitive than classification based on visual read.127-129 Similarly, when
CSF Ap42/40 was employed as reference standard, different assays and different cut points
for defining amyloid positivity were used. Complexities with reference standards present a
challenge to comparing test performance across studies.

As a prognostic biomarker, two COUs have been explored by research studies: firstly,
abnormal biomarker levels are prognostic of progression from CU to MCI or to AD
dementia; and secondly, biomarker levels are associated with cognitive decline as measured
by neuropsychological testing. Several longitudinal studies have examined the ability of
baseline plasma AB42/40 to predict progression from MCI to AD and/or cognitive decline,
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yielding moderate performance overall (Table S3). Two studies showed that plasma AB42/40
analyzed on a fully automated platform predicted progression to AD dementia with an

AUC of 0.73-0.77.130.131 Compared with studies assessing concordance of plasma Ap42/40
with amyloid PET, these prognostic studies are even more difficult to assess because

of differences in length of follow-up, cognitive domains/scores evaluated, and statistical
analyses used. While it is useful to explore relationships between biomarkers and outcomes
in a variety of ways in clinical research, studies that focus on assessing biomarkers as

a dichotomized variable in predicting a definitive clinical outcome will likely be most
translatable to clinical practice.

In contrast to plasma Ap42/40, more studies have been published on the ability of plasma
pTau isoforms to predict cognitive decline or conversion to AD dementia (Table S3). Most
of these studies use conversion to AD dementia as a clinical outcome over a follow-up
period such as 4 years. Across different studies, pTaul81 and pTau217 predicted progression
to AD dementia in individuals who were initially cognitively unimpaired or had MCI.

In one study, individuals with abnormal baseline plasma pTaul81 were almost 11 times
more likely to develop AD dementia within 8 years.’” In another study, pTau217 had

an AUC of approximately 0.80 in predicting conversion to AD.132 Adding genetic and
clinical information (APOE genotype, memory, executive function) further improved the
AUC to approximately 0.90. This performance was replicated in the validation cohort, using
an unbiased (mean and 2 standard deviations) and nonoptimized cutoff for pTau217 that
was established in the discovery cohort.133 Most recently, Janelidze et al. conducted a
head-to-head comparison of pTaul81, pTau217, and pTau231 measured using 10 assays to
detect abnormal brain A status and predict progression from MCI to AD dementia over

an average of 4.9 years.110 Several assays (pTau217Lilly, pTau217Janss, pTaul81ADx, and
pTaul81WashU) showed relatively high and consistent accuracy across both outcomes, with
the highest-performing assay having performance approaching the gold standards of Ap
PET and CSF biomarkers.

NfL has been shown to moderately predict cognitive decline or conversion to AD in
longitudinal studies, albeit often not as good as other BBBMs in the same study. In one
study that examined the development of incident dementia during 3 year follow-up of
cognitive normal people, it was outperformed by GFAP.28 In two studies that used the
biomarker model to predict cognitive decline in CU and MCI subjects, NfL contributes to
the best-fitting model but does not have a significant individual effect, in contrast to pTau217
or pTau181.130.131 GEAP predicted conversion from MCI to AD dementia with an AUC

of 0.84 in one study but was outperformed by pTau217 in a recent study that evaluated
longitudinal measures of cognition in 564 preclinical AD subjects.17:132

Treatment monitoring

Insights on the potential utility of BBBMs in treatment monitoring are gathered from
recent monoclonal antibody (mAb) trials that target various forms of Ap. Because the
concentrations of these therapeutic antibodies in blood are usually high and they bind to
monomeric AR with varying affinity, changes in the concentrations of monomeric Ap40,
AP42, or AR42/40 likely reflect target engagement. In two trials of a mAb targeting Ap
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protofibrils with weak binding to monomers, AB42/40 ratio in the treatment arm increased
(i.e., approaching normal levels) and correlated with the reduction of brain amyloid as
measured by PET.33:35 This could have resulted from the reduction of amyloid plaque, hence
less Ap42 being sequestered in the brain, an indirect effect of target engagement.

pTau isoforms, such as pTaul81 and pTau217, have been shown to decrease (i.e.,
approaching normal levels) and correlate with the reduction of amyloid PET in trials across
three different Ap-targeting mAbs, with one of them being a pivotal trial showing positive
outcomes.32-3% Interestingly, in one trial, during the gap period between the core phase and
the open label extension phase, pTaul81 levels began to return toward prerandomization
levels more quickly than amyloid PET. Similar treatment responses have been shown for
GFAP.33:34 However, NfL levels do not show a treatment response in the two trials that
assessed NfL concentrations in blood.33:34 In contrast, NfL is a more dynamic biomarker is
other diseases and is being used to monitor treatment responses in several other neurological
diseases, such as multiple sclerosis (MS), and several pediatric diseases, such as spinal
muscular atrophy (SMA).118 In a recent observational study of multiple cohorts, the authors
found that in a cross-sectional comparison, both pTau231 and AP42/40 reached a plateau
and had no further changes in participants with more abnormal levels of Ap pathology.134
In contrast, pTau217 and pTaul81 demonstrated continued increases in participants with
higher Ap burden. In the same study, longitudinal comparison showed that only pTau217
demonstrated marked amyloid-dependent changes over 4-6 years in both preclinical and
symptomatic stages of the disease, with no such changes observed in pTau231, pTaul81,
APB42/40, GFAP, or NfL. Together with the findings from clinical trial, that evidence
suggests the utility of certain pTau species as a dynamic biomarker and its potential use

in monitoring treatment efficacy.

Lacking from published trial results are the correlation data between the changes in
biomarker concentrations and the change in clinical endpoint to unequivocally demonstrate
the relationship of the biomarker and treatment efficacy. Furthermore, most of the reported
BBBM data from trials are derived from group-level analyses (i.e., treatment vs. placebo).
To utilize biomarker information in personalized decision making, biomarker changes on
an individual level require further characterization to establish reference change values that
can guide medical decisions, such as continuing the treatment, halting it, or adjusting the
dose.135

CHALLENGES

Technical challenges

Challenges are associated with existing BBBMs. Most published cohort studies reflect an
analytical best-case scenario, in which samples were acquired in a standardized way after
study completion, i.e., measurements were performed in one lab, with one instrument,

with one reagent lot. For the plasma AP42/40 ratio, the biggest challenge is the low

effect size, manifested as an approximately 10%-15% difference in average value between
amyloid-positive vs. -negative groups. If even a small drift or bias occurs due to variance

in preanalytical sample handling, batch-to-batch reagent changes, or population, the assay’s
clinical performance could change dramatically. This small effect size necessitates high
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analytical precision with minimal assay drift over time. For clinical application, the assay
must be robust enough to tolerate the bias or variability associated with routine management
of clinical samples (e.g., in processing and shipping) and with changing lots of reagents

and other conditions over weeks, months, or years. Plasma pTau isoforms have much larger
effect sizes, but their concentrations are much lower, down to sub-pg/mL levels. Even on
the highly sensitive Simoa platform, concentrations of some pTau isoforms in controls are
below the lower limit of quantitation.8% When an analyte is present at low concentrations,
high precision and accuracy are harder to achieve.

Analytical variations of a test can significantly impact its performance. In two studies, the
authors took real biomarker data (e.g., Ap42/40, pTau, GFAP) from ADNI and BioFINDER
cohorts, respectively, and simulated different coefficients of variance (CVs) to evaluate the
impact of analytical variations (e.g., instrument to instrument, run to run, day to day, site

to site) on the assay performance. They found that biomarkers with smaller effect sizes

(e.g., plasma AB42/40) dropped significantly in performance even at CVs commonly seen
with lab testing while the performance of biomarkers with larger effect sizes (e.g., pTau
isoforms, CSF biomarkers) remained relatively stable, even at simulated imprecision of 20%
CV.102.136 | another study, the authors examined plasma samples collected from the same
individual weeks apart and found test-retest variability to be 4.1% for AB42/40 and 20.0%
for pTau217.137 Both intra-individual variability and assay-related variability contribute

to test-retest variability, the former being an important consideration in the real-world
implementation but so far less studied than assay-related variability. More studies are needed
to show that a chosen cutoff for a given BBBM consistently classifies individuals over an
extended period of time and across different cohorts.

Real-world population challenges

Most studies of BBBMs have used cohorts composed of relatively healthy (i.e.,

lacking comorbidities), well-educated, non-Hispanic White (NHW) individuals. However,
substantial evidence shows that increased risk for cognitive impairment is associated

with common conditions such as diabetes, hypertension, dyslipidemia, and chronic kidney
disease (CKD).138.139 Recent data have demonstrated that medical conditions may impact
biomarker concentrations in the blood. In a large study of cognitively unimpaired
participants in the multiethnic, community-based Health and Aging Brain Among Latino
Elders (HABLE), medical conditions including dyslipidemia, hypertension, diabetes, and
CKD each impacted plasma biomarkers of AB40, Ap42, total tau, and NfL.138 Biomarker
analyses of 996 samples from Mayo Clinic Study of Aging, a population-based study cohort,
revealed that hypertension, previous cancer diagnosis, and CKD were associated with a
higher Ap42, as well as a slightly but significantly higher AB42/40 ratio after adjusting

for age and sex among CU participants.240 Among CU individuals, a history of stroke,

atrial fibrillation, history of cancer, and CKD were associated with higher NfL levels.
Similarly, plasma pTaul81 and pTau217 measurements from the same cohort with a slightly
larger sample size demonstrated that CKD was highly correlated with higher levels of both
pTaul81 and pTau217 isoforms in the plasma to the extent that the difference between
participants with and without CKD was similar to the difference between participants with
and without elevated brain amyloid.195 Emerging evidence suggests that AD BBBM levels
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are also impacted by certain therapies, such as menopause hormone therapy.14! Future
work should seek to develop biomarker measures that perform consistently despite medical
conditions. Notably, the ratio of phosphorylated to non-phosphorylated tau at position 217,
which has very high performance in distinguishing amyloid PET status,19 has reduced
associations with kidney function relative to pTau217 concentrations. 142

Some recent studies have explored the relationship between plasma biomarkers and race
and ethnicity. In the same HABLE study that evaluated the impact of comorbidities on
BBBM:s, it was also discovered that plasma AB42/40 (analyzed using a Simoa platform)
was significantly higher in Mexican American patients (n = 445) than NHW patients (n =
520).138 In a covariate-matched cohort of Black and NHW research participants, plasma
AB42/40 consistently predicted brain amyloid across racial groups, while plasma pTaul81
or pTau231 concentrations were associated with a lower risk of brain amyloid in Black
participants.143 A study that compared Black and Latino individuals with matched NHWSs in
the ADNI cohort found no significant differences in plasma pTaul81 concentrations with or
without adjustment for covariates.144

While the performance of BBBM s in highly selected populations provides initial
information, a broader understanding of how these biomarkers behave within the community
at large is needed to provide clinical guidance. It is imperative to conduct rigorous validation
studies in more representative, real-world populations to determine which measures perform
most consistently and to establish cutoffs and reference intervals that perform reliably across
all patient groups. A recent study created a reference database for serum NfL, which has
been shown to vary with age, body mass index (BMI), blood volume, kidney function,

and presence of cardiovascular comorbidities.% Age and BMI-adjusted serum NfL levels
from thousands of subjects/samples from the general population were statistically converted
to percentiles and Zscores, making it possible to define levels of pathological increase
independent of BMI, age, and (potentially) comorbidities.245> Such a reference database will
not only be useful in detection and diagnosis but also in assessing therapeutic efficacy and
monitoring disease progression. Similar approaches can be considered for AD BBBMs that
are near ready for clinical implementation.

Future directions and conclusions

BBBMs, when implemented clinically on a large scale, could transform the AD patient

care pathway. Currently, most biomarker studies are focused on screening, diagnosis,

and prognosis as COU. With the continued and accelerated research in this field, we
anticipate more data will be produced to support other COUs such as predicting disease
risk, tracking progression, and monitoring treatment response. The Alzheimer’s Association
has recently published appropriate-use recommendations for BBBMs in AD based on
currently available evidence.146 It is conceivable that these recommendations will require an
update soon, considering the rapid progress in this field. As illustrated in Figure 1, BBBM
tests potentially could be implemented in both the primary care and dementia specialist
settings. BBBMs are already being used in select patients by some dementia specialists who
have expertise in understanding and interpreting biomarker results. Wider use by dementia
specialists is likely to occur, followed by implementation at the primary care/community
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health setting for early detection, for informing decisions about referral to specialists, and
eventually for diagnosis. At the primary care level, BBBMs have the potential to become
part of a multistep neurodiagnostic process by initially ruling out those who do not yet need
further testing, thereby reducing anxiety, cost, and burden. Additionally, this approach could
offer broad access and availability, especially to underserved and rural communities as well
as developing countries.

A word of caution must be noted given the evolving state of biomarker development,
regulatory approval, and real-world implementation. BBBMs as they exist should not be
used as the sole modality in the diagnostic evaluation of AD, nor as a replacement for a
thorough diagnostic evaluation. Biomarker information should be integrated with patient
history, brain imaging, routine laboratory tests, and other testing as appropriate to arrive
at a diagnosis. A patient presenting with cognitive symptoms might test positive for AD
biomarkers but have treatable conditions causing or contributing to cognitive symptoms,
such as depression, adverse effects of medications, sleep apnea, metabolic conditions, etc.
It could be harmful to patients if treatable causes were not addressed because cognitive
symptoms were attributed solely to AD because of positive biomarkers.

A large amount of research and development on BBBMs for AD has occurred in the last few
years, with the two biomarkers that have gathered the most data being Ap42/40 and pTau
isoforms as biomarkers of core AD pathologies. The Geneva roadmap describes a five-phase
framework for biomarker development.147 Using that framework, we have summarized the
developmental status of various Ap42/40 and pTau assays in Table 2. Some of these assays
are for RUO, some are still at the prototype stage, and three are clinically available as LDT
under Clinical Laboratory Improvement Amendments. Across all assays, data are lacking

on clinical validation using prospective, longitudinal cohorts that more closely represent the
diverse real-world population. Being cleared as 1VVD devices by the US FDA allows assays
to be performed in multiple laboratories using standardized test kits and therefore is the
ideal regulatory pathway for large-scale, decentralized testing implementation. Recently, the
FDA has granted breakthrough-device designation to a few BBBM tests intended for AD
diagnosis. Getting IVD clearance is a lengthy and costly process. In the short term, offering
a clinical assay as an LDT is a typical strategy for diagnostics companies, at least during

the initial commercialization period, because of the lower barrier to entry. Regardless of
regulatory path, rigorous clinical validation in the intended-use population with prospective
cohorts and prespecified cutoffs is critical to vetting the test’s performance.

With so many tests in development, it is conceivable there will be multiple manufacturers in
the clinical testing space, even for the same biomarker or analyte. This situation may create
a need for standardization (e.g., reference methods and materials, quality control programs)
to harmonize readouts across assays, as has been done for CSF-based tests. In order to
standardize CSF Ap measurement across different assay platforms and different laboratories
and to provide a traceability standard for assay calibrators, CSF-certified reference materials
(CRMs) for AB42 were developed by a Working Group for CSF Proteins created by

the International Federation of Clinical Chemistry and Laboratory Medicine.163 Three
automation platforms were recalibrated using the CRMs. Although the concentration values
for CSF Ap42 are different before recalibration, they are all within 2-fold of each other’s
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values.164 In contrast, a head-to-head comparison of various plasma biomarkers assays
reported AB42 concentrations with >100-fold differences across different assay platforms.>’
Similarly, a comparison study of pTau assays on a common Simoa platform revealed >10-
fold differences in pTaul81 concentrations among three pTau181 immunoassays.89 As such,
standardizing quantification of these blood biomarkers will likely be a much bigger technical
challenge.

In summary, although substantial progress has been made to advance BBBMs for AD
diagnosis, they do not now provide a standalone diagnosis of AD but rather may help
clinicians improve the accuracy of their diagnosis when integrated with patient history,
cognitive tests, digital assessments, and genetic information. Effective use of BBBMs will
require collaboration of various stakeholders in developing thoughtful approaches to reduce
the burden of implementation and facilitate interpretation of results. For BBBMs to have a
true impact on a large scale, regional and global healthcare systems will need to incorporate
biomarkers and digital tools, train more healthcare providers in MCI and dementia care,
and standardize diagnostic pathways to shift the initial patient workup to primary care
clinicians. BBBMs may facilitate the transition from clinical-pathological medicine to
clinical-biological pathway-based medicine, providing a pathway toward precision medicine
for neurodegenerative diseases and dementia disorders.13%
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Box 1.
Measures of diagnostic test accuracy

Sensitivity is the proportion of people with disease X who have a positive test.
Specificity is the proportion of people without disease X who have a negative test.
These two metrics reflect the intrinsic discriminative power of a test—i.e., the ability to
detect true-positive and true-negative results, respectively—at a given cutoff and are not
influenced by the disease prevalence, and as such, they state nothing about the predictive
values or about the contribution of the test in rule-in and rule-out diagnosis scenarios.
Overall accuracy refers to the proportion of correctly classified patients among all
patients.

In the context of biomarker evaluation, the receiver operating characteristic AUC is
interpreted as the probability that a randomly chosen individual with a disease is rated or
ranked as more likely to have the disease than a randomly chosen individual without the
disease. For example, in a study that evaluates low plasma AB42/40 ratio in predicting
brain amyloid positivity using amyloid PET as the reference standard: when randomly
picking an individual from the PET-positive group and another individual from the
PET-negative group, the AUC is the probability of the former having a lower Ap42/40
ratio. A value of 0.5 means the test has no better accuracy than random guessing, while
a value of 1 reflects a perfectly accurate test. AUC is not impacted by cutoff values.
Two tests that have identical AUCs can have different sensitivity, specificity, and overall
accuracy.

PPV is the proportion of true-positive tests out of all positive test results, and NPV is the
proportion of true-negative tests out of all negative tests. These two metrics are arguably
the most relevant for clinical management and are directly dependent on the prevalence
rates of the disease within the specific COU and patient population. They inform a
clinician of the likelihood that a patient who tests positive actually has the disease (PPV)
and that a patient who tests negative actually does not have the disease (NPV). PPV and
NPV are determined by sensitivity, specificity, and prevalence of the disease/condition.
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Figure 1. An overarchingillustration of integration of BBBMsinto patient journey
Depicted in the figure is the patient journey (also referred to as clinical care pathway)

that starts with a visit to a primary care physician (light green line) and to a dementia
specialist (brown line). At present, a validated BBBM can be used as an aid during the
diagnostic workup, in conjunction with clinical assessment, as a pathology confirmation
tool for the initiation of treatment with existing and approved therapeutics (red drop).

As more evidence accrues, BBBMs may be used for screening healthy adults at risk for
AD (as determined based on age, family history, comorbidities, etc.), as well as for the
monitoring of treatment response and disease progression (purple drop). AB, amyloid beta;
AD, Alzheimer’s disease; BBBM, blood-based biomarker; CSF, cerebrospinal fluid; MRI,
magnetic resonance imaging; PET, positron emission tomography; pTau, phosphorylated
tau; tTau, total tau.
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