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Review

Abstract
Alzheimer ’s disease is a devastating neurodegenerative 
disorder that poses a significant societal burden. Approval of 
anti-amyloid antibody therapies is a significant milestone for 
treatment that was enabled by the inclusion of biomarkers. The 
use of biomarkers in clinical trials for Alzheimer’s disease has 
enabled selective participant recruitment, improved treatment 
monitoring, and supported more rigorous trial designs. This 
review discusses emerging biomarkers associated with the 
biology of aging and their application in Alzheimer’s disease 
clinical trials. Aging is the primary risk factor for sporadic 
Alzheimer’s disease and is associated with biological processes 
implicated in disease development and progression. Novel 
therapies targeting these underlying biological aging processes 
are currently undergoing clinical development. Biomarkers 
that capture the biology of aging are integral to accelerating the 
development of these therapies. Current progress in biomarker 
development demonstrates efforts to capture the full spectrum 
of aging biology. Further work is needed to expand the range 
of biomarkers that enable comprehensive assessment of brain 
pathology and aid in prognosis, diagnosis, and measuring 
treatment response. Establishing a comprehensive arsenal of 
biomarkers will support strategic decision making and increase 
the likelihood of positive clinical trials and drug registration for 
the next generation of Alzheimer’s disease drugs targeting the 
biology of aging.

Key words: Alzheimer’s disease, biomarkers, aging biology, clinical 
trials, drug development.

 

Introduction

Alzheimer’s disease (AD), the leading cause of 
dementia, is characterized by accumulation 
of abnormal beta-amyloid proteins (Aβ), 

phosphorylated tau (p-tau), and neuronal degeneration 
with subsequent cognitive impairment. An estimated 6.7 
million Americans are currently living with Alzheimer’s 
dementia, or 1 in 9 people over 65 (1). The Food and Drug 
Administration (FDA) has approved seven medications 
for the treatment of AD: five aimed at improving 
symptoms and two anti-amyloid antibodies, aducanumab 

and lecanemab, that remove Aβ from the brain and slow 
cognitive decline.    

A critical component of the recent success of clinical 
trials testing anti-amyloid antibody therapies was the 
inclusion of and reliance on biomarkers of AD pathology. 
Prior to 2012, an accurate diagnosis of AD required a 
postmortem examination of the brain to confirm the 
presence of amyloid plaques. Because early drug trials 
in AD relied heavily on clinical diagnosis, it was later 
estimated that up to one third of patients enrolled may 
not have had measurable amyloid in their brains (2, 3). 
The development of validated biomarkers of amyloid 
plaque burden, such as positron emission tomography 
(PET) and cerebrospinal fluid (CSF) assays, played a 
central role in the accelerated approval of aducanumab 
(4) and lecanemab (5). The inclusion of amyloid 
biomarkers in clinical trials of anti-amyloid antibody 
therapies enabled greater rigor by facilitating accurate 
diagnosis, supporting appropriate patient selection, 
demonstrating evidence of target engagement, and 
quantifying pharmacodynamic drug effects. While the 
approval of anti-amyloid antibodies is a promising 
advance for treating AD, these treatments are currently 
only approved for use in early disease, require bi-weekly 
or monthly intravenous infusions, suffer from potentially 
serious side effects that require consistent monitoring, 
and slow decline by approximately 27% (5).  Additional 
therapeutic options are needed to treat and prevent AD.

The etiology of AD is complex with a mixture of risk 
factors including family history, genetics, education, 
brain injury, and age. Other chronic age-related diseases, 
such as cancer and hypertension, have seen improved 
outcomes from a combination therapy approach. 
Like these age-related diseases, common biological 
aging processes are implicated in the development 
and progression of AD (6) including inflammation, 
senescence, vascular dysfunction, aberrant proteostasis, 
synaptic dysfunction, mitochondrial oxidative stress, 
metabolic dysfunction including insulin resistance, 
and epigenetic changes. Because aging is the leading 
risk factor for sporadic AD, the biology of aging 
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offers a promising framework upon which to pursue 
a combination therapy approach for dementia (7). To 
achieve this, a diverse set of biomarkers is needed to 
support the development of drugs that target the biology 
of aging. 

Novel drugs targeting the biology of aging are already 
increasingly represented in the current pipeline of AD 
drugs in development. According to a 2023 report, within 
all clinical trial phases, agents are targeting amyloid 
(n=22, 16%) and tau (n=13, 9%), but also inflammation 
(n=24, 17%), senescence (n=1, <1%), vasculature 
(n=2, 1%), proteostasis (n=4, 3%), synaptic plasticity/
neuroprotection (n=18, 13%), oxidative stress (n=7, 
5%), metabolism and bioenergetics (n=10, 7%), and 
epigenetics (n=1, <1%) (8). For these trials, biomarkers 
of amyloid may be used for diagnostic confirmation, but 
other markers will be important for patient selection, 
monitoring, pharmacodynamic measurement, and 
response prediction. This review discusses emerging 
biomarkers associated with the biology of aging and their 
application in AD clinical trials.

Progress is being made in developing a broader arsenal 
of biomarkers to capture the full spectrum of the biology 
of aging using imaging, fluid, retinal, and digital tools; 
however, efforts must continue to discover, develop, and 
validate these biomarkers to support strategic decision 
making and increase likelihood of positive clinical trials 
and drug registration for the next generation of AD drugs. 
Successfully implementing a more robust biomarker-
therapeutic strategy in clinical trials could truly enable 
precision medicine and combination therapies for AD.

The impact of biomarkers in clinical trials for 
Alzheimer’s disease

The FDA defines a biomarker as an indicator of normal 
biological processes, pathogenic processes, or biological 
responses to an exposure or intervention, including a 
therapeutic intervention (9). Significant resources have 
been devoted to developing and validating biomarkers 
that measure the underlying pathology of AD. PET 
imaging, CSF assays, and blood tests are now available to 
measure pathological hallmarks of the disease, including 
amyloid and tau. Additionally, noninvasive tools such as 
retinal scans and the analysis of digital signatures have 
begun to emerge and show promise. 

To best support clinical trials, biomarkers must have 
a defined context of use (COU) and supportive data 
for that COU. In the Biomarkers, Endpoints and Other 
Tools (BEST) guidelines, the FDA defines COU as the 
biomarker’s intended use in drug development as either 
a risk/susceptibility, diagnostic, monitoring, predictive, 
prognostic, pharmacodynamic, or safety biomarker 
(9). Clinical trials using biomarkers have a greater 
success rate than those that do not (10), particularly 
when used strategically in multiple COUs (11, 12). For 

central nervous system (CNS) diseases, biomarkers 
are needed to assess a drug’s ability to cross the blood-
brain barrier (BBB), such as an assay that can directly 
measure the drug in CSF. Biomarkers can also help ensure 
the enrollment of the right patients at the right time. 
Patients can be screened for Alzheimer’s pathology using 
biomarkers of amyloid, tau, and neurodegeneration 
(13) but also for the specific pathology targeted by the 
drug’s mechanism of action. Moreover, biomarkers 
can be used to show evidence that the drug engages 
the target, or target engagement, a feature that is 
particularly important for Phase 2 clinical trials (14). 
Target engagement can be shown for drugs targeting a 
specific receptor in Phase 0 studies that predict receptor 
occupancy, regional distribution, and brain penetration 
using PET (15). Additionally, biomarkers can show proof 
of pharmacology or more downstream biological effects 
of successful target engagement. An effective biomarker 
strategy should assess whether there are appropriate 
biomarkers and relevant assays that accompany each 
COU as needed.

Emerging biomarkers for the biology of aging

An expanded arsenal of available, robust, and 
validated biomarkers for multiple COUs is needed 
for AD clinical trials investigating drugs targeting the 
biology of aging. Table 1 provides examples of emerging 
imaging and fluid biomarkers for the biology of aging 
that are under investigation to determine their utility in 
AD clinical trials. Notably, while some biomarkers are 
available and others are currently in development, they 
remain lacking for many drug targets. 

Inflammation

Inflammation is a hallmark of aging and significant 
contributor to age-related cognitive decline and dementia 
risk (7, 16). While broad-spectrum anti-inflammatory 
drugs have largely failed in trials for AD, those targeting 
specific aspects of inflammation while sparing others 
show promise. Twenty-four anti-inflammatory agents are 
currently in the pipeline (8). As novel therapies targeting 
inflammation continue to enter clinical development, 
identification and validation of biomarkers targeting 
specific inflammatory pathways will be necessary for 
selecting promising drug candidates and expediting their 
development.

Microglia and astrocytes are key regulators of 
neuroinflammation and play central roles in the 
development and progression of AD (17). Microglia 
are the primary innate immune cells in the brain that 
release proinflammatory mediators in response to 
pathogens and CNS insults and support tissue repair. 
They also protect the brain by inducing phagocytosis of 
apoptotic cells and other neuronal debris (18). The role 
of microglia in AD is complex and differs based on the 
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cell’s state and function. In addition, microglial function 
evolves throughout disease progression. Depending 
on the phenotype, activated microglia can exacerbate 
AD pathology or provide protective effects (19, 20). The 
robust proinflammatory cascade induced by microglia 
increases susceptibility for AD and contributes to disease 
progression, in part by accelerating neurodegeneration 
(19). However, activated microglia can also reduce AD 
pathology by phagocytosis of amyloid plaques (21). 
Biomarkers are needed that reflect the complexity of 
microglia in AD to better understand microglia 
phenotypes and how they change over time. Further, 
biomarkers for microglia subtypes could accelerate the 
development of more strategic, targeted approaches 
that reduce chronic neuroinflammation while sparing or 
promoting the phagocytosis of amyloid plaque and other 
neuronal debris. 

Translocator protein-18 kDa (TSPO) PET is an imaging 
biomarker of neuroinflammation that is currently 
being used as a pharmacodynamic biomarker as 
well as a monitoring biomarker to evaluate the effect 
of anti-inflammatory therapies. TSPO PET is being 
employed as a secondary outcome measure in Phase 
1 clinical studies of anti-inflammatory agents for mild 
cognitive impairment (MCI) or early AD (NCT04795466, 

NCT05468073). Although TSPO is commonly used as 
a marker of inflammatory glia, it is not specific to this 
population of glia, or even to microglia more broadly, 
as it is also expressed on endothelial cells (22). Markers 
that demonstrate higher specificity for microglia 
activation, such as colony-stimulating factor 1 receptor, 
cyclooxygenase receptor, and Cannabinoid receptor type 
2, are currently under investigation (23).

Triggering receptor expressed on myeloid cells 2 
(TREM2) is a lipid receptor expressed in microglia (24). 
Mutations in TREM2 increase the risk of AD (25, 26), 
and reduction of TREM2 activity has been shown to 
reduce microglial phagocytosis of amyloid plaques (27). 
Thus, drugs that improve TREM2 signaling may provide 
therapeutic value in AD by enhancing microglia activity 
to increase clearance of amyloid pathology. sTREM2, 
a soluble variant of TREM2, has been developed as a 
fluid biomarker of microglia activity (28). CSF sTREM2 
was used as a target engagement biomarker in a Phase 
1 study of AL002, a monoclonal Immunoglobulin G1 
antibody therapy targeting TREM2, where a dose-
dependent reduction in sTREM2 indicated successful 
target engagement. This study also evaluated soluble 
colony-stimulating factor 1 receptor (sCSF1R), secreted 
phosphoprotein 1 (SPP1), and interleukin-1 receptor 

Table 1. Emerging biomarkers for the biology of aging 
Biological aging process Imaging biomarkers Fluid biomarkers

Cerebrospinal fluid Blood

Inflammation TSPO PET and emerging ligands 
(CSF1R, COXR, CB2R)

sTREM2, proinflammatory 
cytokines (IL-1β, IL-6, TNF-α) 
and chemokines (MCP-1), GFAP, 
YKL-40

GFAP, CRP

Senescence None identified SASP (IL-6, IL-9, IL-1α, IL-2, 
IL-1β)

SASP (IL-6, IL-9, IL-1α, IL-2, IL-
1β), p16INK4A+

Vascular dysfunction MRI, CT scan Cell adhesion molecules (VCAM-
1, ICAM-1), CSF/plasma albumin 
ratio

Cell adhesion molecules (VCAM-
1, ICAM-1), CSF/plasma albumin 
ratio, fibrinogen

Aberrant proteostasis Emerging PET ligands under 
investigation

Aβ, phosphorylated tau, TDP-
43, α-synuclein, autophagy 
biomarkers (p62)

Aβ, phosphorylated tau, TDP-
43, α-synuclein, autophagy 
biomarkers (ATG5)

Synaptic dysfunction SV2A PET SNAP-25, synaptotagmin, GAP-
43, synaptophysin, neurogranin

None identified

Mitochondrial oxidative stress and 
metabolic dysfunction

FDG-PET, MR spectroscopy 
(NAD+)

8-OHdG, 8-OHG, lipid 
peroxidation biomarkers 
(isoprostanes, neuroprostanes), 
U-p53, NAD+

8-OHdG, 8-OHG, U-p53

Epigenetics Emerging PET ligands ([11C]
Martinostat)

None identified Mitochondrial DNA, DNA 
methylation, RNA panels

Table 1 provides examples of emerging biomarkers that may be considered for use in clinical trials for drugs targeting biological aging processes implicated in AD and 
is not an exhaustive list of all relevant biomarkers. Many of these biomarkers require further investigation to fully understand their potential utility in clinical trials. 
8-OHdG = 8-hydroxy-2’deoxyguanosine; 8-OHG = 8-hydroxy-2’oxyguanisine; Aβ = beta-amyloid protein; ATG5 = autophagy-related gene 5; CB2R = Cannabinoid 
receptor type 2; COXR = cyclooxygenase receptor; CRP = c-reactive protein; CSF = cerebrospinal fluid; CSF1R = colony-stimulating factor 1 receptor; CT = computerized 
tomography; DNA = deoxyribonucleic acid; FDG = fluorodeoxyglucose; GAP-43 = growth associated protein 43; GFAP = glial fibrillary acidic protein; IL = interleukin; 
ICAM-1 = intercellular adhesion molecule-1; MCP-1 = monocyte chemoattractant protein-1; MR = magnetic resonance; MRI = magnetic resonance imaging; NAD+ = 
nicotinamide adenine dinucleotide; PET = positron emission tomography; RNA = ribonucleic acid; SASP = senescence-associated secretory phenotype; SNAP-25 = 
synaptosomal-associated protein of 25 kDa; sTREM2 = soluble triggering receptor expressed on myeloid cells 2; SV2A = synaptic vesicle glycoprotein 2A; TDP-43 = TAR 
DNA binding protein-43; TNF-α = tumor necrosis factor alpha; TSPO = translocator protein-18 kDa; U-p53 = unfolded conformational variant of p53; VCAM-1 = vascular 
cell adhesion molecule-1.
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antagonist (IL1RN) (29), biomarkers of microglia function 
that occur downstream of TREM2 signaling. AL002 
is currently in Phase 2 development for early AD and 
change from baseline in CSF sTREM2, sCSF1R, SPP1, 
IL1RN will be assessed as pharmacodynamic biomarker 
endpoints (NCT04592874). 

Many of the proinflammatory mediators that 
comprise microglia-induced neuroinflammation have 
been suggested as fluid biomarkers of microglia activity. 
Proinflammatory cytokines such as interleukin (IL)-1β, 
IL-6, and tumor necrosis factor alpha (TNF-α) initiate 
and sustain complex interconnected pathways that 
drive neuroinflammation in AD (19). CSF IL-1β, IL-6, 
TNF-α biomarkers are currently being used as primary or 
secondary outcome measures in early phase clinical trials 
to assess the treatment effect of novel anti-inflammatory 
therapies in early (NCT04804241, NCT04381468) or 
general AD (NCT03943264).

Proinflammatory chemokines also play an important 
role in neuroinflammation and offer additional biomarker 
targets. Monocyte chemoattractant protein-1 (MCP-1) is 
a proinflammatory chemokine involved in the regulation 
and recruitment of immune cells to sites of inflammation 
(30, 31). CSF MCP-1 levels are elevated in MCI and AD 
and correlate with cognitive decline across the disease 
spectrum (32), suggesting its use as a monitoring 
biomarker of disease progression. In an ongoing Phase 
1/2 trial of the repurposed therapy baricitinib, CSF 
MCP-1 will be used as a predictive biomarker in patient 
selection as well as a pharmacodynamic biomarker to 
evaluate baricitinib’s effects in individuals with AD 
(NCT05189106). CSF MCP-1 is also being assessed, 
in conjunction with proinflammatory cytokines, 
as a primary outcome measure in a Phase 2 study of 
senicapoc, a novel disease-modifying therapy for 
early AD (NCT04804241). Fluid biomarkers targeting 
proinflammatory cytokines and chemokines provide 
information on cerebral inflammatory activity and can be 
leveraged in clinical trials to help identify the appropriate 
patient as well as for pharmacodynamic assessment and 
monitoring of inflammation status.

Astrocytes are a subtype of glial cells that are critical 
to the health and function of neurons, contributing to 
processes such as promoting synapse formation and 
modulating neurotransmission (33). Like microglia, 
astrocytes can be activated in ways that exert detrimental 
or beneficial functions, commonly referred to as type A1 
and A2, respectively (34, 35). With age, astrocytes become 
reactive through a transition termed astrogliosis (36). 
Reactive astrocytes can contribute to neuroinflammation, 
and like microglia, have been observed to cluster 
around amyloid plaques (19). Reactive astrocytes are 
characterized by increased expression of glial fibrillary 
acidic protein (GFAP) (37). GFAP is a sensitive biomarker 
for detecting and monitoring astrogliosis throughout 
disease progression (32, 38) and could serve as a target 
engagement biomarker for astrocyte-targeting therapies. 

Further, elevated plasma GFAP is associated with Aβ 
elevation and predicts cognitive decline and conversion 
to AD in both cognitively unimpaired individuals 
and those with MCI (39, 40), demonstrating value as a 
prognostic biomarker. Based on this connection with Aβ, 
GFAP has also shown promise as a pharmacodynamic 
and monitoring biomarker in clinical trials of the anti-
amyloid antibodies donanemab (41) and lecanemab (42). 
However, GFAP does not reliably differentiate between 
A1 and A2 astrocytes. A1 astrocytes are associated with 
an increase in proinflammatory molecules such as C1q, 
TNFα, and IL-1α, while A2 astrocytes are associated 
with a reduction in inflammatory cytokines, such as 
IL-6, and IL-1β, but changes in levels of these circulating 
cytokines are generally non-specific (34). Novel markers 
are needed to monitor the change in the profile of 
neuroinflammatory and neuroprotective astrocytes in 
response to immunomodulatory therapies. 

YKL-40 is a glycoprotein expressed in both reactive 
astrocytes and activated microglia (19, 43). YKL-40 
expression levels are significantly higher in individuals 
with MCI due to AD compared to those with MCI due 
to other causes (44) and can differentiate AD from other 
neurodegenerative diseases (32). These data suggest 
YKL-40 is a potential biomarker to support a differential 
diagnosis, prognosis of disease progression, and target 
engagement for anti-inflammatory agents.

C-reactive protein (CRP) is a proinflammatory 
signaling protein released by hepatocytes in response 
to circulating inflammatory cytokines (45). Pathological 
studies have revealed the presence of CRP in amyloid 
plaques and tau tangles in AD brain tissue (46). CRP is 
being used as a pharmacodynamic biomarker in two 
Phase 3 trials of semaglutide, a repurposed therapy 
shown to have anti-inflammatory effects, in part by 
reducing CRP signaling (NCT04777396, NCT04777409) 
(47). Further, recent studies have identified CRP as a 
potential prognostic biomarker for conversion from MCI 
to AD (46) and risk biomarker in APOE ε4 allele carriers 
(48), suggesting its potential value as an inflammatory 
biomarker for multiple COUs.

Much progress has been made in advancing 
inflammatory biomarkers, resulting in a diverse 
set of markers to aid current and future clinical trial 
designs. Validation of imaging biomarkers more 
specific to microglia activation are currently underway 
(23).  Research efforts should seek to identify 
additional imaging biomarkers that target different 
functions of microglia, as well as biomarkers that are 
specific to astrogliosis and other neuroinflammatory 
processes implicated in AD. To date, imaging and 
fluid inflammation biomarkers are mostly used 
as pharmacodynamic or monitoring biomarkers and 
some, such as GFAP and CRP, have shown promise 
as prognostic or risk biomarkers. Thus, a gap exists to 
validate biomarkers for other COUs, such as predictive 
biomarkers that help determine who may be most 
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responsive to a drug. To improve testing of anti-
inflammatory therapies for AD, a more comprehensive 
reserve of biomarkers that span different COUs as well as 
biomarkers that are specific to the mechanism of action of 
novel drug candidates are needed. 

Senescence

Cellular senescence is characterized by cells that 
evade death and release proinflammatory cytokines and 
chemokines that induce tissue damage in the brain and 
other organs. Senescent cells accumulate with age and are 
implicated in AD (49). Senolytic therapies are beginning 
to be tested for use in AD (NCT04685590). However, the 
lack of specific, reliable biomarkers for target engagement 
and monitoring efficacy poses a challenge. Studies have 
revealed unique senescence transcriptomes by cell type 
and stressor type, emphasizing the need to further 
characterize senescent cells across different tissues and 
cells in the human body to advance biomarker studies 
and clinical trials (50).

 Preclinical and clinical characterization of cellular 
senescence in AD has provided evidence for promising 
biomarkers to support clinical trials (49, 51, 52). Senescent 
cells secrete a variety of proinflammatory molecules, 
collectively known as the senescence-associated secretory 
phenotype (SASP), which contribute to inflammation, 
tissue degradation, and age-related diseases (49). Several 
SASP factors, IL-6, IL-9, IL-1α, IL-2, and IL-1β, are 
detected in the blood and CSF of individuals with AD, 
suggesting their potential as biomarkers for monitoring 
senescence. Further research is needed to improve 
the specificity of these biomarkers to senescence and 
distinguish them from other inflammatory responses. 
Additionally, some SASP factors detected in CSF may 
originate from peripheral sources, as peripheral factors 
can cross the BBB through bidirectional transport systems. 
Thus, considerations should be made to evaluate target 
engagement of new therapeutics in the periphery as well 
as the brain (49). 

p16INK4a, a cell cycle regulator, is commonly used 
as a biomarker for cellular senescence. Its expression 
levels are known to increase in senescent cells (52, 53), 
and reduction in p16INK4a expression can indicate 
the effectiveness of senolytic interventions. Both 
SASP (composed of IL-6, IL-9, IL-1α, IL-2, IL-1β) and 
p16INK4A+ blood biomarkers are currently being used 
as secondary outcome measures in a Phase 2 clinical trial 
that evaluates the safety and efficacy of the combination 
of two senolytic therapies, dasatinib and quercetin, in 
older adults with biomarker-confirmed MCI or early-
stage AD (NCT04685590) (51).

Additionally, exosomes, small extracellular vesicles 
that carry cargo of various biomolecules, are being 
explored for their potential as biomarkers of senescence 
in AD. Senescent cells release exosomes with unique 
biomolecule compositions, which provide information 

about the effects of senescence on specific cell types. 
Isolation and analysis of exosomes from the blood or 
other biofluids may shed light on the biology of 
senescence in AD and its contribution to disease 
progression. However, further research is needed to better 
understand the role of exosomes secreted by senescent 
cells in AD pathogenesis prior to their use in clinical 
trials (49). The search for reliable biomarkers of cellular 
senescence in AD is ongoing. Continued efforts should 
be employed to further characterize cellular senescence 
in AD and identify and validate novel biomarkers to 
improve the rigor of future clinical trials. 

Vascular dysfunction

Vascular pathology occurs with aging and is 
a significant contributor to cognitive decline and the 
development of dementias, including AD (7, 54). A post-
mortem study estimated that approximately 80% of 
people with AD have vascular pathology (55). Extensive 
research has shown that vascular impairment leads to 
reduced cerebral blood flow, endothelial damage, BBB 
leakage, demyelination, and cerebral atrophy, all of which 
can contribute to AD pathology and clinical decline (56, 
57). 

Neuroimaging has been the predominant biomarker 
used for vascular pathology in AD, thus far. Magnetic 
resonance imaging (MRI) is used to assess multiple 
aspects of vascular damage including abnormal cerebral 
blood flow, BBB leakage, microbleeds, and white matter 
hyperintensities (WMH) (58). Novel approaches are in 
development that use quantitative water permeability 
mapping to quantify BBB dysfunction (59). Computerized 
tomography scans allow the identification of vascular 
calcifications in the hippocampus, which have been 
linked to increased cognitive impairment (60).

Fluid biomarkers, including cell adhesion molecules, 
CSF/plasma albumin ratio, and fibrinogen, show 
promise in assessing vascular pathology in AD. Elevated 
levels of vascular cell adhesion molecule-1 (VCAM-1) 
and intercellular adhesion molecule-1 (ICAM-1) are 
observed in the CSF and plasma from preclinical AD 
through later stages of AD dementia. These molecules 
are associated with subsequent cognitive impairment 
in individuals without dementia and have the potential 
to serve as markers for risk assessment and disease 
progression (61). The CSF/plasma albumin ratio reflects 
BBB integrity, with abnormal ratios indicating BBB 
damage. Although the relationship between this ratio 
and AD is not fully understood, it holds promise as a 
biomarker for differentiating AD from other disorders, 
in addition to its role in assessing BBB integrity (62). 
Fibrinogen, a glycoprotein involved in coagulation and 
vascular reactivity, can serve as a plasma biomarker for 
vascular damage (63). Fibrinogen interacts with amyloid, 
exacerbating clotting, fibrin deposition, and triggering 
proinflammatory signaling (64-66).  Further, fibrinogen 
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converts to fibrin through thrombin-mediated cleavage 
(67). Accumulation of fibrin deposits is observed in 
AD and correlates with pathology (68). Ongoing 
investigations are exploring fibrin deposits as an imaging 
biomarker for vascular damage and as a potential novel 
drug target for AD.

Of the biomarkers for vascular dysfunction, MRI 
is most often leveraged in clinical trials to monitor 
treatment efficacy and assess changes in disease 
progression. In a clinical study of the antiplatelet agent 
cilostazol, MRI was employed as a predictive marker 
to aid in patient selection. MRI also served as a safety 
biomarker in this study, measuring WMH severity to 
identify individuals who could safely be administered the 
drug (NCT01409564). In a Phase 2/3 study investigating 
eicosapentaenoic acid in cognitively unimpaired veterans 
at risk for AD, cerebral blood flow will be assessed using 
arterial spin-labeling MRI. Eicosapentaenoic acid is 
believed to reduce the risk of AD, in part by enhancing 
cerebral blood flow (NCT02719327). Additional efforts 
are needed to expand the use of biomarkers for vascular 
dysfunction. 

Aberrant proteostasis 

While Alzheimer ’s pathology is predominantly 
characterized by the accumulation of abnormal 
Aβ proteins and phosphorylated tau, it is now more 
recognized that other misfolded or aggregated proteins 
are often present. TAR DNA binding protein-43 (TDP-
43) pathology is detected in up to 52% of AD brains 
(69) where it has been associated with more severe 
atrophy and greater memory loss (70). Additionally, the 
presynaptic protein α-synuclein, mainly associated with 
Parkinson’s disease (PD), dementia with Lewy bodies, 
and multiple system atrophy, is present in over half of 
AD patients (71). The mean age for onset of dementia 
and death is younger for AD patients with Lewy bodies 
than for AD patients without Lewy bodies (72). Buildup 
of multiple pathological proteins suggests a potential 
breakdown in mechanisms involved with protein 
homeostasis or proteostasis. 

To maintain normal proteostasis, neurons depend 
heavily on autophagy,  a lysosomal-dependent 
degradation process, to clear misfolded protein 
aggregates (73). Neurons are especially vulnerable 
to autophagic dysfunction because lysosomes are 
concentrated in the cell body and autophagosomes have 
to be transported from distal axons to the cell body to 
have their contents degraded by these lysosomes (74, 
75). Impaired autophagy is associated with aging (76) 
and AD (77). Autophagy modulates Aβ clearance (78) 
and tau degradation (79). Mechanisms of proteostasis, 
including autophagy, are attractive drug targets that have 
the potential to clear multiple pathologies (80).  

There are several drugs in clinical testing targeting 
mechanisms of proteostasis. Nilotinib is an oral Abl 

tyrosine kinase inhibitor used to treat chronic myeloid 
leukemia that induces autophagy and leads to the death 
of rapidly dividing cells (81). Nilotinib is currently in 
Phase 3 testing for AD (NCT05143528). In addition, 
rapamycin is a small molecule mTOR inhibitor and 
trehalose injection is a small molecule approach that 
activates the transcription factor EB. Both rapamycin and 
trehalose injections are hypothesized to induce autophagy 
and are in Phase 2 clinical trials for AD (NCT04629495, 
NCT05332678). The outcome measures used in these 
studies predominantly address safety, tolerability, 
and cognition. Having more specific markers of target 
engagement to inform exposure and downstream 
biological effects would greatly strengthen decision 
making for clinical trials testing therapeutics targeting 
autophagy. 

 Biomarkers of autophagy are actively being identified 
and evaluated. CSF concentrations of p62, a marker of 
autophagic flux, were increased in AD compared to 
controls (82). Plasma levels of autophagy-related gene 5 
(ATG5) were elevated in patients with dementia or MCI 
compared with control subjects (83). Beclin1, a key protein 
involved in autophagy, is altered in traumatic brain injury 
(TBI) (84), PD (85), and AD (86). Other markers such as 
LC3B, LAMP-2, and ATG7 are being explored as markers 
of autophagy (85, 87). While progress is being made to 
explore novel markers of proteostasis, more research 
is needed to better understand how these biomarkers 
relate to Alzheimer’s pathology and progression. Better 
biomarkers will be important for preclinical and clinical 
development of specific drugs targeting mechanisms of 
proteostasis. 

Synaptic dysfunction and loss of cortical 
synapses

AD is marked by progressive neuronal and synaptic 
loss that strongly correlate with cognitive decline. The 
presence of pathological forms of Aβ or tau are sufficient 
to produce synaptic dysfunction and synaptotoxicity, 
but the precise underlying mechanisms behind synaptic 
dysfunction are not clear. One hypothesis is that buildup 
of AD-associated pathology drives changes in microglia 
which are then prompted to ingest and eliminate 
synapses (88). Synaptic dysfunction could serve as a 
marker of age-related cognitive dysfunction, possibly 
preceding or even progressing independently from AD 
pathogenesis (89). Synaptic dysfunction and loss serve as 
novel and promising drug targets that need biomarkers 
for effective development.     

Synaptic health can be evaluated by measuring 
proteins in the CSF from both pre-synaptic and post-
synaptic compartments. Pre-synaptic biomarkers 
including synaptosomal-associated protein of 25 kDa 
(SNAP-25), synaptotagmin, growth associated protein 
43 (GAP-43), and synaptophysin are all increased in 
AD. These increased levels are hypothesized to result 
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from synaptic breakdown and clearance through the CSF 
(88). Neuronal pentraxins are extracellular scaffolding 
proteins emerging as a potential biomarker of synaptic 
dysfunction (90). The primary post-synaptic marker is 
neurogranin, concentrated on dendritic spines in the 
hippocampus and involved in synaptic plasticity. CSF 
levels of neurogranin are increased in patients with 
AD, highly correlated with total tau and p-tau181, 
and predictive of progression from MCI to AD (91). 
Interestingly, neurogranin seems to be specific to AD, 
not other neurodegenerative diseases and correlates 
with future cognitive decline, glucose metabolism, and 
brain atrophy at early disease stages (92-94). In normal 
aging, neurogranin shows a significant relationship 
with memory performance independent of AD-related 
biomarkers (89). 

Work has also explored whether synaptic markers can 
be measured in neuronal-derived exosomes. Neuronal-
derived exosome levels of synaptophysin, synaptopodin, 
synaptotagmin-2, neurogranin, GAP-43, and synapsin 
were lower in AD compared to control participants and 
decreased years before dementia onset in AD patients 
(95). These findings suggest that synapses are lost at 
an accelerated rate in AD. Further development of less 
invasive measures is needed to support clinical trials of 
novel therapeutics targeting synaptic function. 

In addition to fluid markers, there are now PET tracers 
available that bind to the synaptic vesicle glycoprotein 
2A (SV2A), a transmembrane protein of synaptic 
vesicles present in synaptic terminals and involved in 
neurotransmitter release. Levels of SV2A were found to 
be decreased in postmortem tissue and in signal from 
SV2A PET scans in AD (96). While promising, further 
work is needed to validate SV2A PET ligands for use as 
a biomarker of synaptic health in clinical trials for AD. In 
2022, the Foundation for the National Institutes of Health 
launched a pre-competitive, 3-year initiative that brings 
together key stakeholders to advance the development 
of a SV2A PET ligand as a biomarker that could be used 
to track disease progression and as an outcome measure 
in clinical trials (97). If successful, this initiative and 
additional validation studies would support the use of 
SV2A PET ligands for assessing synaptic integrity in drug 
development.

Several AD clinical trials targeting synaptic 
mechanisms are currently underway. CT1812, a small 
molecule sigma2 antagonist designed to prevent 
oligomeric Aβ from binding at the synapse, is being 
investigated in two Phase 2 studies in early and mild to 
moderate AD (NCT03507790, NCT05531656). SV2A PET 
and other synaptic markers have been used in CT1812’s 
development strategy (98). In addition, a pivotal Phase 
3 clinical trial in patients with mild to moderate AD is 
testing a novel device aimed to evoke gamma oscillations 
hypothesized to improve synaptic connections between 
neurons, activate microglia, and enhance the removal 
of pathological proteins in the brain (NCT05637801). 
To support these and future trials, a broader arsenal 

of biomarkers for synaptic integrity and health will be 
valuable. 

More research is needed to determine which synaptic 
markers, or combinations of synaptic markers, are 
most informative for clinical trials testing interventions 
targeting synaptic protection. Sensitive markers that 
provide prognostic information before significant 
synaptic loss are needed to identify patients at the 
optimal time for intervention. For drugs targeting 
other mechanisms within the biology of aging such as 
inflammation or oxidative stress, the relationship between 
those mechanisms and synaptic loss needs to be better 
understood. Synaptic markers should also be explored as 
potential surrogate markers for cognitive decline that may 
predict clinical efficacy in larger, later stage trials. Blood 
levels of synaptic proteins have not yet proven reliable 
(99, 100), but continued efforts to quantify synaptic health 
through biomarkers in blood will enable less invasive 
testing and more frequent sampling for clinical trials in 
AD.   

Mitochondrial oxidative stress & metabolic 
dysfunction

Mitochondria play an essential role in multiple cellular 
functions including respiration, energy production, cell 
cycle regulation, and proteostasis (6). Mitochondrial 
dysfunction is believed to drive aging and contribute 
to the onset and progression of AD (6, 101). Due to high 
metabolic demands and low levels of antioxidative 
defense mechanisms, the brain is particularly vulnerable 
to oxidative damage. Mitochondrial and metabolic 
dysfunctions, as well as inadequate antioxidant 
scavenging, lead to the accumulation of reactive oxygen 
species (ROS) that can induce oxidative stress, lipid 
peroxidation, and DNA damage (102-104). Moreover, 
impaired mitochondrial efficiency and increased 
ROS production can disrupt glutamatergic signaling, 
accelerating cognitive decline (105). 

Several biomarkers have shown promise in assessing 
oxidative stress in AD. For instance, the formation of 
8-hydroxy-2’deoxyguanosine (8-OHdG) and 8-hydroxy-
2’oxyguanisine (8-OHG) from the reaction of free 
oxygen radicals with DNA and RNA, respectively, are 
biomarkers for oxidative stress-related DNA damage 
and are elevated in individuals with AD (106). In a Phase 
2a study investigating edaravone in AD, a free radical 
scavenger approved for the treatment of amyotrophic 
lateral sclerosis (ALS), CSF and plasma 8-OHdG and 
8-OHG are being used as pharmacodynamic primary 
outcome measures (NCT05323812). 

Furthermore, CSF biomarkers of lipid peroxidation 
such as isoprostanes and neuroprostanes are associated 
with AD and hold promise as target engagement 
markers for novel therapeutics targeting mechanisms 
of oxidative stress (12, 107, 108). Notably, measurement 
of CSF F4-isoprostanes, which reflect the degree of 
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docosahexaenoic acid (DHA) lipid peroxidation, may be 
particularly informative due to the association between 
DHA loss and neurodegeneration (108). Additionally, 
ROS can impair cell function by forming adducts on 
proteins. Thus, lipid peroxidation protein adducts, 
such as isoketals and neuroketals that occur along the 
isoprostane and neuroprostane pathways, respectively, 
serve as functional indicators of lipid peroxidation (109, 
110).

The unfolded conformational variant of p53 (U-p53), 
detected in CSF and plasma, has emerged as a potential 
prognostic and diagnostic biomarker for AD (111). U-p53 
levels gradually increase throughout disease progression 
due to amyloid exposure and oxidative stress and are 
linked to neurodegeneration (112, 113). A novel antibody, 
2D3A8, to detect the AD-specific U-p53 variant has 
been developed and shows promising performance 
in supporting diagnosis and predicting AD outcomes. 
Plasma U-p53 levels have been shown to distinguish AD 
from MCI and non-AD and reliably predict the onset of 
AD up to six years before diagnosis (111). 

Fluorodeoxyglucose (FDG)-PET, a specialized PET 
scan measuring glucose metabolism, is widely used to 
assess cerebral metabolism in AD, and has demonstrated 
value as a pharmacodynamic and monitoring biomarker 
in clinical trials (12). For instance, in a Phase 2 trial of 
the repurposed therapy riluzole, a glutamate modulator 
approved for ALS, FDG-PET was used to assess the 
effects on brain metabolic decline in individuals with 
mild AD. Riluzole slowed brain metabolic decline 
compared to placebo. FDG-PET scans also correlated 
with cognitive decline and predicted disease progression 
(114). Similarly, FDG-PET was employed in a Phase 2 
proof-of-concept study of the repurposed drug rasagiline, 
indicated in PD, to monitor changes in cerebral 
metabolism between treatment groups (115). 

AD is often referred to as “type 3 diabetes” due to 
the presence of impaired glucose uptake and insulin 
resistance in the brain (116). Consequently, many trials of 
new and repurposed agents are focusing on improving 
brain glucose utilization and metabolic function (8). While 
traditional metabolic measures used in diabetes trials 
primarily target systemic metabolism, the inclusion of 
FDG-PET has proven valuable in AD studies as a tool to 
measure brain-specific metabolism. Another biomarker 
of cellular metabolism in the brain is nicotinamide 
adenine dinucleotide (NAD+), which can be visualized 
using magnetic resonance spectroscopy or measured 
in CSF. NAD+ is a critical factor in mitochondrial and 
cellular function, and its decline with aging is particularly 
detrimental to the brain due to the high energy demands 
of neurons (117-119). Restoring NAD+ levels may have 
neuroprotective effects by reducing oxidative stress and 
ameliorating the effects of mitochondrial dysfunction 
(120). Nicotinamide riboside (NR) and nicotinamide 
mononucleotide (NMN) are precursors to NAD+ 
and have been studied as therapeutic strategies for 

neurodegenerative diseases (121, 122). Currently, a Phase 
1/2 study is underway to examine the pharmaceutical-
grade NMN known as MIB-626 in Alzheimer’s patients. 
The primary outcome of this study is changes in CSF 
levels of MIB-626, while secondary outcomes include 
changes in CSF levels of NAD+ in the brain and 
peripheral blood mononuclear cells (NCT05040321).

Furthermore, neural-derived exosomes have been 
previously used to evaluate the effect of exenatide, a 
glucagon-like peptide 1 agonist used in type 2 diabetes, 
on brain insulin signaling pathways in patients with PD. 
Individuals with PD who received exenatide exhibited 
greater activation of brain insulin-signaling proteins 
and downstream effectors compared to their baseline 
measurements and the placebo group (123). These 
findings provided valuable mechanistic insights that 
complemented the clinical outcomes of the trial. There is 
potential value in harnessing neural- and glial-derived 
exosomes in AD studies to measure neuropathological 
changes over time. Continued efforts to develop 
biomarkers for mitochondria and metabolic dysfunction 
will be important.

Epigenetics

Emerging evidence suggests that epigenetic factors 
play a role in the development of AD. Epigenetic 
changes alter gene expression by making structural and 
biochemical changes to chromatin or marking histones 
that package DNA while leaving the DNA sequence 
unchanged (124, 125). These changes can include 
DNA methylation, histone modifications (histone 
methylation, acetylation, glycosylation, ubiquitination, 
phosphorylation), and non-coding RNA changes. 

A prominent biomarker of aging is the Horvath 
clock, an estimation of biological age based on DNA 
methylation markers. This epigenetic clock has been 
linked to the neuropathology present in AD and is related 
to decline in cognitive and memory function (126). 
Studies using post-mortem tissue from patients with 
AD suggest that histone markers are correlated with 
abnormal tau phosphorylation and Aβ plaques (127) and 
levels of histone deacetylases (HDACs) are increased in 
MCI and AD compared to controls (128). However, use 
of the [11C]Martinostat PET ligand, selective for class I 
histone deacetylase, showed that HDAC I levels were 
reduced in patients with AD which mediated the harmful 
effects of Aβ and tau on brain atrophy and cognitive 
impairment (129). Emerging approaches are exploring 
whether epigenetic mechanisms can be measured in 
blood. These include quantifying patterns of cell-free 
DNA methylation, fragmentation, and histone markers 
(130), capturing methylcytosines in mitochondrial 
DNA using next generation sequencing, and using long 
noncoding RNA panels (131). 

In the current AD clinical trial pipeline, one therapeutic 
targeting an epigenetic mechanism is lamivudine, a small 



737

JPAD - Volume 10, Number 4, 2023

molecule HIV nucleoside analog reverse transcriptase 
inhibitor currently in an open-label, one arm Phase 2 
study (NCT04552795). The primary outcome is a change 
in reverse transcriptase activity in blood and CSF to 
measure target engagement and an assay to quantify 
lamivudine’s CNS penetrance. Other approaches, such 
as targeting HDACs or histone acetyltransferases are in 
earlier stages of development (132, 133). 

Further research is needed to determine whether 
epigenetic changes play a causative role in dementia 
development or serve as an adaptation to other initiating 
pathologies. Epigenetic modulation is a promising 
therapeutic target for AD, but further study is required 
to mature drugs and biomarkers targeting epigenetic 
changes in dementia and aging.   

 
Future Directions

The development of novel drugs targeting the 
biology of aging relies on the integration of a diverse set 
of biomarkers in clinical trials. Multiple modalities are 
being pursued, including fluid analyses (CSF, blood), 
neuroimaging (PET, MRI), retinal scans, analyses of 
digital signatures to identify reliable biomarkers, and 
others, each with specific advantages and limitations. 
Analytes measured in CSF can be specific to the brain and 
spinal cord but require an invasive lumbar puncture and 
cannot provide information regarding pathology location. 
Analytes measured in blood are affordable, accessible, 
and scalable but suffer from rapid degradation and 
combination with peripheral components. Neuroimaging 
provides spatial localization information that CSF and 
blood markers lack. Structural MRI provides high 
spatial resolution and can capture multiple biomarkers 
simultaneously (eg, brain volume, cerebrovascular 
pathology) but lacks molecular specificity. PET tracers 
allow measurement of specific analytes such as amyloid, 
tau, and glucose utilization, but are limited to one 
pathology, are high cost, and require extensive supportive 
infrastructure. 

Recently, a shift to less invasive modalities has 
been a significant advancement in the development of 
treatments for neurodegenerative diseases. For example, 
tofersen, a therapy for ALS patients with a mutation in 
the superoxide dismutase 1 gene, was approved by the 
FDA based on a reduction in plasma neurofilament light, 
a biomarker of neurodegeneration (134). This marked 
the first drug approval for ALS based on a biomarker. 
Further, plasma biomarkers are emerging as valuable, 
lower-cost tools for the investigation of novel therapies 
in AD. Assessment of plasma Aβ1–42 to Aβ1–40 ratio 
by mass spectrometric methods can be a sensitive 
and specific indicator of amyloid load in the brain as 
measured by PET (135). Moreover, new technologies for 
ultrasensitive detection such as Single-Molecule Array 
(SIMOA) as well as the fully automated Elecsys and 
Lumipulse platforms can detect plasma biomarkers such 

as Aβ1–40 and Aβ1–42 as well as p-tau181, p-tau217, and 
neurofilament light (100, 136-141). Other less invasive 
approaches such as retinal scans and the assessment 
of digital signatures are starting to show promise. 
These multiple modalities can be used strategically to 
complement one another in clinical trials to best enable 
decision making and optimize learnings from each study. 

A broad range of biomarkers are needed to improve 
the rigor of clinical trials investigating novel therapies 
targeting the biology of aging. For instance, data from 
the Phase 3 clinical study of the anti-amyloid antibody 
donanemab revealed that including tau PET in addition 
to amyloid PET in trial inclusion criteria improved the 
ability to identify participants who would benefit most 
from treatment, compared to using amyloid PET alone 
(142). These findings underscore the importance of 
assessing multiple biomarkers during patient selection, 
particularly when testing drugs that carry a risk of serious 
side effects. Further, because pathological changes in 
AD are thought to begin years before symptoms emerge 
(143), an early biomarker-based diagnosis for AD that 
extends the use of AD pathology biomarkers to include 
mechanisms from the biology of aging is needed. 
Emerging work suggests that there may be AD subtypes 
that include predominant hyperplasticity, innate immune 
activation, or BBB dysfunction (144), and many patients 
also have pathological brain α-synuclein or TDP-43. This 
variability could impact disease progression, treatment 
response, and risk of side effects. 

In addition, important decisions to continue drug 
development are made in early phase clinical trials. 
Thus, biomarker data from early phase studies are 
critical to elucidate the potential therapeutic value 
of novel compounds. A diverse set of biomarkers, 
particularly those specific to the mechanism of action 
of investigational therapies, should be incorporated in 
early phase clinical trials to facilitate a robust assessment 
of target engagement and treatment effects. Such an 
approach will enable better-informed decision making 
early in drug development. 

 To be included in clinical trials and support clinical 
practice, biomarkers must show reliable evidence for a 
specific COU, including risk/susceptibility, diagnostic, 
monitoring, predictive, prognostic, pharmacodynamic, 
and safety, as defined by the FDA (9). Before a biomarker 
can be used for a specific COU in a drug clinical trial, 
several factors must be understood: abundance in the 
blood, CSF, or brain, dynamic range, change over time, 
intra-individual variability, and preanalytical factors (12). 
To build a more robust arsenal of available biomarkers 
for the biology of aging, significant investments must 
be made to identify and test these markers in large and 
diverse cohorts, and to technically validate them for 
specific COUs. For example, Amyvid, a widely used 
radioactive agent for amyloid PET, required three clinical 
studies to validate its utility as a biomarker (145), and 
extensive efforts were needed to establish amyloid PET as 
a predictive biomarker for clinically meaningful effects in 
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response to treatment with anti-amyloid antibodies. These 
investments proved instrumental in understanding both 
the successes and failures of these treatments. Moreover, 
in addition to rigorous clinical study, achieving consensus 
and providing education on interpreting biomarker 
results across research and clinical settings and in diverse 
populations will be necessary for successful integration of 
new biomarkers. Adequate funding is needed to support 
these efforts, which will help ensure information gained 
from biomarkers is accurate and reliable. It is important 
to acknowledge that, after thorough investigation, many 
emerging biomarkers may not demonstrate the rigor 
required for use as endpoints in clinical trials.

Investing in biomarker development is crucial 
to advancing our understanding of how distinct 
pathologies of the biology of aging progress and 
interact with one another. Higher levels of microglia 
activation show significant associations with lower 
synaptic protein levels and poor cognitive performance 
(146), but more work is needed to better understand 
the complex interactions between astrocytes, microglia, 
and synaptic health in patients. It has also been shown 
that functional autophagy is critical for healthy synaptic 
functions including neurotransmission and synaptic 
plasticity (147), and that epigenetic changes may lead to 
abnormal synaptic plasticity (148). The progression of 
AD is complex and multifactorial. Leveraging existing 
biomarkers as well as identifying and validating new 
ones will help parse out this complexity and provide 
insight into who, how, and when to treat. 

Conclusion 

The recent success achieved with anti-amyloid 
antibodies has laid a new foundation for Alzheimer’s 
prevention and treatment. For the first time, the field has 
therapeutics that may alter the course of the disease. More 
work is needed to build on this foundation and expand 
therapeutic options to target the biology of aging. Within 
this context, precision medicine emerges as a strategy, 
where tailored combinations of disease-modifying 
interventions could be offered to prevent, delay, or treat 
pathologies contributing to AD.

Biomarkers are pivotal to this goal. These tools are 
increasingly being used to inform critical decisions in 
drug development, often complementing or substituting 
traditional clinical outcomes. For example, the FDA relied 
on amyloid PET as a surrogate endpoint, defined as 
a substitute for a clinical endpoint that is expected to 
predict clinical benefit, to inform the accelerated approval 
of anti-amyloid antibodies, aducanumab and lecanemab.  

As we investigate new therapies targeting the 
biology of aging, a diverse arsenal of biomarkers 
will be necessary. A holistic approach to biomarker 
development must be adopted to comprehensively 
assess brain pathology. There is a need for additional 
biomarkers to aid in prognosis determination, support 

diagnosis, and predict treatment response to novel 
therapies targeting the biology of aging. Efforts should 
focus on identifying target engagement biomarkers to 
accurately assess the viability of drug candidates. Further 
research and validation of biomarkers will provide a 
deeper understanding of the complex interplay between 
pathologies of aging and AD, leading to improved 
diagnostic tools and better therapeutic interventions.
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