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Abstract

Neuropsychiatric symptoms (NPS) are common features of neurodegenerative disease (NDD) but are relatively under-
studied compared to cognition, especially regarding biomarkers. Further, emerging evidence describes the utility of sys-
tematic assessment of NPS across the cognitive continuum, even in advance of dementia. In this narrative review, we
discuss the role of plasma biomarkers in relation to NPS across the cognitive continuum of unimpaired, subjective cog-
nitive decline, mild cognitive impairment, and dementia. While Alzheimer’s disease is the primary focus, vascular, Lewy
body, and frontotemporal dementia etiologies are also discussed. Literature searches included NPS and dementia-related
search terms with additional literature identified based on the author group’s subject area expertise. We found
that plasma biomarkers are a burgeoning field, and scalability and accessibility make them well-suited for the study of
NPS across the disease continuum. In early-stage NDD, diagnostic biomarkers are best suited for discriminating
NDD-related NPS from non-NDD psychiatric syndromes and/or NPS due to other causes. In those with dementia, mon-
itoring and prognostic biomarkers may enable the assessment of treatment response or help predict the risk of worsening
symptoms. We conclude that plasma amyloid-f and tau show great promise in assessing NPS, especially during early-stage
disease, but inflammatory and genetic biomarkers may also play a role across the disease course. Systematic research is
required, keeping in mind the ethical considerations of knowing biomarker status in early-stage disease.

Keywords
Alzheimer disease, behavioral symptoms, cognitive disorders, frontotemporal dementia, Lewy body disease, mild
behavioral impairment, mild cognitive impairment, neurodegenerative diseases, neuropsychiatry, vascular cognitive

impairment
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Introduction

Disease-specific biomarkers may assist in patient diagnosis,
improving accuracy over clinical assessment alone, and
accelerating therapeutic delivery.! Mechanistic biomarkers
can inform understanding of disease, and are important
for diagnostics and therapeutics.” However, even autopsy-
based classification criteria are based on the quantity of
pathology for a given age in the presence of dementia and
only at a specific point in time’; thus, the traditional sense
of “gold standard” may not apply.* For Alzheimer’s
disease (AD), the most common cause of neurodegenerative
disease (NDD), some frameworks define AD on the basis of
pathology alone, whether or not clinical symptoms are
present. In contrast, other frameworks define AD based
on both pathology and clinical symptoms.>® Notably,
both AD pathology and cognitive impairment become
very common after the age of 85 years.”® Similarly,
efforts are underway to incorporate biomarkers to redefine
Lewy body diseases, especially in early stages,” and in vas-
cular cognitive impairment.'®'! Frontotemporal dementias
are also under investigation, but disease heterogeneity pro-
vides challenges in identifying specific but broadly applic-
able biomarkers.'?

In AD, complicating the diagnostic issue is dynamic
change of biofluid amyloid-p (Ap) biomarkers throughout

the disease course. Amyloid pathology accumulates in the
brain for 10-15 years while individuals remain clinically

unimpaired, but high amyloid levels are associated with

a higher risk of developing cognitive impairment.'*'*

Cerebrospinal fluid (CSF) Af4, declines even before
amyloid plaques are apparent on brain imaging,'” and a
low AP4o40 ratio may reflect soluble protofibrils more
closely than amyloid plaques.'® Fluid biomarkers, including
tau, phosphorylated at positions 181, 217, and 205
(p-tau,g;, p-taup;;, and p-tau,gs, respectively), change
later than AP4o40 in the course of the disease and are
more strongly associated with cognitive symptoms.'”2° A
CSF peptide, including the microtubule-binding region of
tau (MTBR-tau,,;), changes even later in the course of
AD and has the highest associations with tau and cognitive
symptoms demonstrated thus far by a fluid biomarker.?' But
how do neuropsychiatric symptoms (NPS) or behavior fit
into this time course?

Incorporating NPS into this biological understanding of
the initiation and early stages of AD may increase complex-
ity but may also reveal the physiological basis of behavioral
change in AD.?? Behavioral variants have not been
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systematically evaluated in association with mechanistic
biomarkers. Biomarkers can unlock critical insights in
pathogenesis in addition to diagnosis. The complexity of
change in biomarkers with dementia onset supports a
pivotal and integrated biological role for Af, neurodegen-
eration, oxidative damage, and mitochondria in the transi-
tion to AD.?**

The purpose of assessing biomarkers in patients with
dementia is to focus on marking treatment response or
assessing risk of worsening symptoms so that intervention
strategies can be developed, i.e., monitoring, prognostic,
and predictive biomarkers.”> Here, it is unlikely that AD
diagnostic biomarkers will be useful. In particular, AP accu-
mulation can plateau as cognitive impairment worsens,
meaning that sensitivity in detecting NPS prevalent in late-
stage neurodegeneration may be lost, and p-tauyys or
MTBR-tau,4; may be better markers at later stages.”'%?!
Biomarkers of dementia progression may provide a way
to assess the risk for emergent NPS, since most NPS
seem to correlate with a more severe disease course.
However, whether these NPS reflect direct mechanisms
(i.e., treatment targets) remains at equipoise. Thus, earlier
in the disease course (i.e., preclinical and prodromal
disease), susceptibility/risk and diagnostic biomarkers
may be more appropriate to explore links with NPS to
help distinguish between NDD-related NPS and NPS due
to other etiologies.”> However, examining the relationship
between NPS and underlying neuropathology is challenged
by variability in the profile and measurement of specific
types of NPS?*27 and biomarkers, including changes over
the course of the disease,28 and the age of onset,29 type,30
severity,! and regional distribution®” of the underlying
neuropathology.

In this narrative review, we explore associations between
NPS and NDD biomarkers across the cognitive spectrum,
from cognitively unimpaired (CU) to subjective cognitive
decline (SCD), mild cognitive impairment (MCI), and
dementia. The primary focus is AD, for which there are
the most data, attendant with the high prevalence of AD
relative to other dementias.

Basics of plasma biomarkers

The extent to which any specific analyte measured in blood
correlates with its concentration in CSF or brain tissue is
highly variable. It depends on multiple processes, including
the structure and function of the blood-brain barrier and the
rates of synthesis and clearance of analytes in the periphery
and the brain.?>** Although many processes involved in
steady-state equilibria across tissue compartments have
been elucidated, much less is known regarding the extent
to which a substance formed in the brain reaches the
blood in its original form, particularly given the potential
impact of anthropometric, demographic, and genetic fea-
tures on biofluid levels of any substance.** Preclinical

studies of blood biomarkers can be informative, but they
are not consistent across species. Thus, how well blood bio-
marker concentrations reflect brain concentrations, and the
impact of peripheral production and clearance rates, is not
fully understood. The accepted technique for determining
the amounts and rates of brain contribution to the blood
in humans is to label the central pool of an analyte by
administering a heavy isotope-labeled precursor of the
analyte of interest.>>

Initial studies of AP peptides in CSF and blood have
demonstrated significant between- and within-immunoassay
variation over time. This assay “noise” was greater in
blood than in the CSF matrix, obscuring the relationship
between plasma AP and brain amyloid plaques as detected
by higher precision assays.

A major challenge in measuring blood-based AD bio-
markers is that the concentrations of Ap and tau are substan-
tially lower in the blood than in CSF. For example,
concentrations of plasma Ap32 and tau’® are approximately
30 and 2-5 times lower, respectively, than in CSF. Another
challenge is that plasma and serum contain higher total
protein concentrations, which can interfere with the meas-
urement of AD blood biomarkers. As a result, the develop-
ment of blood biomarkers was slowed due to the high
sensitivity required, the limited correlation between blood
and CSF biomarkers, and the high variability encountered
when using conventional enzyme-linked immunosorbent
assays or other immunoassays.>”*°

Technological advances in the last decade have contrib-
uted to the development of more accurate assay platforms
capable of sensitively measuring Af peptides, p-tau pro-
teins, and neurodegeneration biomarkers (neurofilament
light chain [NfL] and glial fibrillary acidic protein
[GFAP]) in the blood. These platforms include, among
others, the Single Molecule Array (Simoa) immunoassay,
immunoprecipitation mass spectrometry (IP-MS), Meso
Scale Discovery platform, Elecsys immunoassay, and
immunomagnetic reduction. An overview of available
assays and platforms is available elsewhere.”* A
head-to-head comparison of eight assays assessing the per-
formance of plasma Af4;/40 for detecting abnormal brain
amyloid, as measured by positron emission tomography
(PET) and CSF, suggested that IP-MS assays performed
better than many of the immunoassays in both cognitively
impaired and unimpaired older adults.*'** More recent
studies have found that some immunoassays have per-
formance similar to IP-MS assays in some cohorts, sup-
porting that immunoassays may be adequate for certain
applications.*>**

Head-to-head comparisons of plasma p-tau biomarkers
have also suggested that IP-MS assays perform slightly
better than immunoassays for predicting Af pathology
and that p-tau, ;7 predicts brain amyloid pathology more
strongly than p-tau;g; or p-tau,s; 48 However, compared
to immunoassays, IP-MS may require more specialized
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equipment and larger sample volumes, making implementa-
tion at the population level more challenging. A recent
advancement is the development of Nucleic Acid Linked
Immuno-Sandwich Assay (NULISA), which is a multiplex
assay allowing testing of 120 NDD-related proteins to
attomolar-level sensitivity using small sample volumes.*~
> NULISA has demonstrated discriminative accuracy for
abnormal amyloid-PET (area under the receiver operator
curve (AUC =0.918)) and tau-PET (AUC =0.939),>* com-
parable to Simoa,> and potentially easier to implement at
the population level than IP-MS. Further research on scal-
ability is required.

Comorbid conditions affecting the interpretation of
AD blood-based biomarkers

AD blood biomarker levels are more susceptible to change
due to peripheral factors than their PET and CSF counter-
parts. Due to physiological mechanisms, these peripheral
factors can alter the interpretation of blood-based levels
and potentially result in false positive or false negative diag-
noses.>* Here, we highlight three factors that warrant con-
sideration: chronic kidney disease (CKD), obesity, and
cardiac conditions.

Multiple studies have shown that a diagnosis of CKD, low
estimated glomerular filtration rate, and high creatinine are
associated with higher blood levels of all Ap peptides, p-tau,
NfL, and GFAP.>>® Reduced renal clearance of these proteins
has been proposed as the underlying mechanism. Thus, CKD
could lead to a false positive diagnosis if a blood p-tau
marker is used and a false negative diagnosis if blood Ap is
used. One potential strategy to mitigate the effects of CKD
on blood biomarkers is to utilize ratio-based measures. For
example, CKD has not been associated with as pronounced a
change in blood AP0 or p-tau,;/tau ratios.>6->759:60

Obesity has been associated with lower levels of the
aforementioned AD blood biomarkers,55*57’61 but not
with their CSF counterparts.®"®? One explanation is that
individuals with obesity have larger blood volumes, result-
ing in lower concentrations of blood AD biomarkers.
Similar to CKD, ratio-based measures may mitigate
these effects,*¢-36->7-60

Evidence also suggests associations between blood Af
levels and cardiac conditions. AP can accumulate in the
hearts of patients with AD, contributing to AD-related
cardiac amyloidosis.®*®* Further, plasma AB4y accumula-
tion in vascular walls and heart tissue has been associated
with cardiac dysfunction, coronary heart disease, heart
failure, and cardiovascular disease mortality.°> Higher
plasma Afy4, levels have been associated with a higher
risk of heart failure.®® Entresto® (combination of sacubitril
and valsartan), a drug used for heart failure, has been shown
to reduce plasma AP45/40 but not CSF AB42/40.67 As aresult,
it remains unclear how best to utilize plasma AP measures

for screening or diagnosis of AD among individuals with
heart conditions. A4y can also accumulate in cortical and
leptomeningeal vessel walls, as is the case in cerebral
amyloid angiopathy (CAA), a progressive cerebral small
vessel disease that contributes to morbidity and mortality
from hemorrhagic stroke and vascular dementia.®®

Standardization and pre-analytic variables

Several sources of variation and pre-analytical factors
should be considered when interpreting AD blood-based
biomarkers. These factors range from circadian rhythms,
dietary influences, and other person-specific variables to
the collection and processing of the blood samples.®’
Pre-analytical factors that may affect levels of blood Af,
p-tau, total tau, NfL, or GFAP include the collection tube
type (e.g., anticoagulant used), time to centrifugation and
storage, and storage temperature (Table 1).”° Other
sources of variability include protein instability following
multiple freeze-thaw cycles and the distinct sensitivities of
antibodies used in different assays.®>”'* ABy, is sensitive
to pre-analytical factors, but even more so is total tau,’*’?
for which details such as time to centrifugation and centri-
fugation temperature are essential variables.”® Certain
factors may mitigate some of this variability, including
fully automated technologies, ultrasensitive approaches,
multiplexing, and rigorous standards such as those required
in Clinical Laboratory Improvement Amendments
(CLIA)-certified labs.®>”> Wider adoption of standardized
pre-analytic protocols across global centers is recom-
mended to ensure consistency, improve the reproducibility
of tests, and minimize variability of results.”®

Neuropsychiatric symptoms overview

Evaluating biomarker levels in relation to NPS requires an
accurate definition of what constitute NPS. Most definitions
agree that NPS must emerge in the context of an underlying
neurological disease, affect function beyond what can be
attributed solely to the disease, and persist for a minimum
time frame at a specified severity level.””~”® In addition,
other potential causes (e.g., delirium or psychiatric condi-
tions unrelated to NDD) must be excluded as the primary
cause of NPS, although “delirium-like” NPS have been
defined as a possible prodrome of dementia with Lewy
bodies (DLB).*

Mild behavioral impairment

Over time, the definition of NPS in dementia has become
more nuanced due to several advancements in the field.
First, there is growing recognition that NPS may emerge
in advance of dementia, and sometimes even in advance
of cognitive decline, as opposed to being limited to moder-
ate to severe dementia. For example, the construct of mild
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Table |. Effects of preanalytical factors on plasma AD biomarkers.

Tube Matrix for plasma (anticoagulant):

EDTA, heparin, fluoride, or citrate,
and Serum

Tube parameters

Aliquot volume
Collection

Centrifugation temperature and force

Whole blood stability in EDTA tube

Lithium-heparin versus EDTA

Na-citrate versus EDTA

Heparin, citrate, fluoride, or
serum versus EDTA

Aprotinin addition

Serum

Material: PP, PET

Sample volume (mL): 2.7, 4.9,
85,9, 10
EDTA cation: K2, K3

Gel separator: +/-
Tube filling: /2 or full

250, 500, 1000 pl

Needle size, location of blood
draw, tube collection order

Centrifugation temperature

Force

Time to centrifugation (h): 0.5,
1,2,6,24

Time to centrifugation (h): I, 4,
24,72

Time to storage

Higher plasma AB4o and ABy,, lower total tau
(Roche-Elecsys)”

Higher plasma AB4o and APy, levels (various assays)*’°

Higher plasma AB.4,, AB4/40 ratio, total tau, p-tau,g;, GFAP,
and NfL; no significant differences in ABL

Lower total tau, p-taug;, AB, NfL, GFAP”°

Lower plasma A4, AB4,, and total tau, Higher AB4y/40
ratio (Roche-Elecsys)”

Lower plasma A4 and A4, levels using various assays*7°

Lower plasma NfL, GFAP, and higher AB4, and AB4y/40
ratio; no significant differences in APy, tau, or p-tau{é.

Lower plasma A levels (INNO-BIA)”2

No effect on plasma AB levels (INNO-BIA)”?

Variable (no effect, higher or lower) compared to plasma
EDTA™

No effect on plasma AB (INNO-BIA), or plasma A4, or
AB4o by various assays*

No effect”

No effect”?

No effect on plasma AB (INNO-BIA)”?

No effect’?

No effect on any markers”>

Decrease of total tau in one study

No effect on plasma A4, and A4 by various assays>k70
No effect’®

Plasma APy, slightly higher when centrifuged at 20°C
compared to 2-8°C (INNO-BIA)”?

Plasma ARy levels slightly lower when centrifuged at 20°C
compared to 2-8°C (INNO-BIA)”?

No effect on plasma APy, and APy (various assays)*’°

Lower total tau levels with centrifugation at 4°
C”3Centrifugation at >2000 g favored for optimal
recovery of ABso (INNO-BIA)”?

Plasma AB4o and APy, stable up to | h; plasma AB4y/40 ratio
stable up to 2 h; total tau stable up to 6 h
(Roche-Elecsys)”

Plasma A4, and Ay stable up to 4 h at 20°C and up to
24 h at 2-8°C (INNO-BIA)"?

Whole blood A4, and Ay stable up to 24 h at 4°C but
not at RT* and decrease afterwards; effects not mitigated
by AB4y/40 ratio for most assays*70

Plasma GFAP, NfL, and p-tau,g, levels stable if tubes held
>24 h at RTor 4°C"°

Lower whole blood total tau if held at RT for 3—24 h, and
higher if held at 4°C for 3-24 h before centrifugation’®

No effect of delay in fresh plasma storage up to 6 h on A,
ABao, or total tau levels 4°C (Roche-Elecsys)”

Lower plasma total tau if tubes held 3—24 h at RTor 4°C for
3-24h"°

Plasma A4, and APy stable up to 24 h at 4°C (but not at
RT) and decrease afterwards; effects can be mitigated by
use of AB4y40 ratio in most assays*7°

Short term storage at <24 h had no effect on any markers
except for total tau which decreased if stored for >2
weeks at 4°C”°

(continued)
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Table 1. Continued

EDTA plasma storage after thawing
(h): 0, 1, 6,24

RT; time to measurement (h):

0, 1,6, 24
Number of tube transfers <5
Effect of the collection tube on stability Material (PP, PET)
during freezing
9,10
EDTA cation (K2, K3)
Gel separator (+/-)

Freeze/thaw cycles (from —80°C) < 4 cycles

<3 at —20°C or —25°C
Time of day of blood

Freeze/thaw cycles (—25°C)
Circadian rhythm

collection: 8:00, 12:00, 15:00

>24 h

+4°C; time to measurement

Sample size (mL): 2.7, 4.9, 8.5,

Fresh EDTA plasma storage +4°C; time to measurement
(h): (0, 1, 3, 6, 24) stable up to 6 h (Roche-Elecsys)”>

AB4, and AP4o decreased after intermittent <2-week
storage at 4°C before —80°C*"°

No effect of intermittent <2-week storage at —20°C
(before —80°C) for any markers’®

ABy4, and APy stable up to 6 h at +4°C and | h at RT
(Roche-Elecsys)”

ABa4/40 ratio stable up to 24 h (both +4°C and RT)
(Roche-Elecsys)”

No effect”

No effect’®”3

No effect”®

No effect”

No effect”

No effect on serum NfL, plasma A4,, total tau levels by
Simoa’*

Minor reductions in plasma AB4o (Simoa) at cycle 3 with
further reductions with >4 cycles”*

No effect on plasma A4, and Ay levels (various assays)*,
p-tau;g), tau, or NfL7°

GFAP levels increased after >4 cycles’®

Decrease in plasma p-tau g, at >4 cycles, decrease in
plasma EDTA AB4o at >4 cycles can be mitigated by APy,
40 ratio’

Serum NfL and GFAP stable up to 4 cycles, serum A4, and
ABa4o and total tau reduced after 2 cycles’'

No effect on A4y, AB4o, tau, or p-tauﬁ,

Small effect on APy, AB4o and tau, no effect on AB4y/49 ratio
(Roche-Elecsys)”

No diurnal variation in plasma AB levels INNO-BIA)”?

*Various assays including Precivity-AD (C2N Diagnostics) which is immunoprecipitation liquid mass spectrometry, a MALD-TOF-MS method using a
protocol modified from Nakamura et al.,76 Euroimmun ELISA, Aracion ELISA, Simoa 4-PLEX E, and Simoa 3-PLEX A.

OAB: AP oligomerization tendency assay

behavioral impairment (MBI)”® stipulates that NPS may
occur well before clinical dementia during the preclinical
or prodromal disease phases. MBI symptoms comprise
the domains of decreased drive and motivation (apathy),
emotional dysregulation (mood/anxiety), impulse dyscon-
trol (impulsivity, agitation, abnormal salience), social
inappropriateness (impaired social behavior), and abnormal
perception or thought content (psychosis). Early in the
disease process, however, MBI can present as a variable
or subtle mix of symptoms from several domains. Thus,
assessing the global construct of MBI may offer advantages
for early detection and prognostication over individual
domains.®'*

Syndromic criteria for NPS in neurodegenerative
diseases

Another advancement in NPS research pertains to the devel-
opment or refinement of syndromic diagnostic criteria for
NDD-related behavioral changes (i.e., apathy, psychosis,
agitation) as opposed to simple consideration of individual

symptoms with variable measurement approaches. For
example, apathy criteria developed by Alzheimer’s
Association International Society to Advance Alzheimer’s
Research and Treatment (ISTAART) and International
Society for CNS Clinical Trials Methodology working
groups, using a modified Delphi process and expert consen-
sus, specify: 1) the presence of NDD; 2) symptom presence
for a minimum of four weeks; 3) a change from the indivi-
dual’s baseline; 4) symptoms in two of the following
dimensions: diminished initiative, interest, and emotional
expression/responsiveness; and 5) exclusion of other con-
founding factors.®® Similarly, revised criteria for
AD-related psychosis developed by an expert panel led
by the International Psychogeriatric Association (IPA),**
and the research framework developed by ISTAART®
emphasize that: (1) symptoms may emerge in MCI (for
IPA criteria) or even in SCD or CU stages (for ISTAART
criteria); (2) symptoms must be present for a minimum of
four weeks; (3) overlap with agitation and affective symp-
toms must be noted (IPA) or are exclusionary if psychotic
symptoms are better accounted for by an affective or
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agitation syndrome (ISTAART); (4) symptoms may be
fluctuating or persistent; (5) symptoms must affect function;
and (6) other etiological categories must be excluded. The
syndromic criteria for agitation, developed by an IPA
working group, specify: (1) the existence of dementia or a
pre-dementia syndrome (i.e., MCI); (2) behaviors in one
or more of verbal aggression, physical aggression, and
excessive motor activity domains that are associated with
distress and impaired function; and (3) not attributable
solely to another medical or psychiatric etiology.”®

While revisions to existing criteria have helped clarify
distinct phenotypic NPS presentations in the context of
NDD, other behaviors that overlap with primary psychiatric
disorders, such as hoarding, obsessive-compulsive disorder,
disinhibition, impulsiveness, and affective dysregulation,
remain understudied. A key question remaining in the char-
acterization of NPS is the extent to which these symptoms
can be differentiated from pre-existing or primary psychiatric
pathology, currently better determined by symptom natural
history. This critical area needs biomarkers, particularly min-
imally invasive biofluid markers that can be readily translated
to various clinical and research settings. Ultimately, these
biomarkers would help distinguish primary psychiatric
symptoms from NPS related to NDD and also determine if
there are comorbid primary psychiatric-NDD etiologies.
Depression, for example, may reflect recurrent early-onset
depression, late-life depression, or late-onset depression as
a manifestation of NDD, with few cross-sectional clinical
features clearly distinguishing one from the other.
Similarly, late-life schizophrenia may be hard to distinguish
from NDD-related psychosis, although symptom phenomen-
ology might help distinguish the underpinning pathology.*®
For example, the presence of complex delusions and auditory
hallucinations would more strongly indicate late-life schizo-
phrenia, whereas visual hallucinations and misidentification
delusions may suggest prodromal DLB, and delusions of
theft are the most common psychotic symptom in AD.***7~
89 However, the identification and utilization of biofluid bio-
markers could be fundamental for differentiation when
psychosis phenomenology is not so distinct and symptoms
related to both clinical entities coexist.

An important issue concerning NPS is the extent to which
symptoms may overlap, co-occur, or fluctuate between
assessments. Factor analyses suggest that symptoms can be
subdivided into separate subgroups, such as depression, agita-
tion, psychosis, and elation.”® While it is generally acknowl-
edged that certain symptoms may co-exist with each other,
few biomarker studies to date have addressed this issue by
focusing on subtypes or by controlling for the presence of
specific NPS when examining individual symptoms.

Most biomarker studies published to date examining cor-
relates of NPS have relied on established scales such as the
Neuropsychiatric Inventory (NPI).”"*> The NPI quantifies
NPS across 12 domains: delusions, hallucinations, agita-
tion/aggression, dysphoria, anxiety, euphoria, apathy,

disinhibition, irritability/lability, aberrant motor activity,
night-time behavioral disturbances, and appetite/eating
abnormalities. Severity scores for each domain are rated 1
to 3, where 1 is the lowest severity and 3 is the highest.
An additional score out of 5 is given to rate caregiver
burden, with 1 being the lowest and 5 being the highest.
Most research has used the NPI, which has demonstrated
excellent utility. In the ADMET 2 clinical trial of methyl-
phenidate for apathy, for example, a score of >4 to identify
clinically significant apathy corresponded well with apathy
diagnostic criteria.”® Other scales used in biomarker studies,
particularly those in preclinical and prodromal samples of
older adults, include symptom-specific assessments
focused on traditional psychiatric phenomenology (e.g.,
Patient Health Questionaire-9,”* Geriatric Depression
Scale,” Beck Anxiety Inventory®®).

More recently, NPS in patients with preclinical or pro-
dromal NDD, predominantly AD but also Parkinson’s
disease/Lewy body diseases, have been assessed using the
Mild Behavioral Impairment Checklist (MBI-C), which
evaluates the presence and severity of five MBI symptom
domains, consistent with ISTAART MBI diagnostic cri-
teria: decreased motivation, emotional dysregulation,
impulse dyscontrol, social inappropriateness, and abnormal
perception or thought content.®'” The MBI-C specifies
that these NPS must be later-life emergent, persist for at
least six months, and represent a change from the
person’s baseline. Although the MBI-C was initially devel-
oped for the assessment of MBI in older adult populations
without dementia, it is still a valid tool to assess NPS in
older adults living with dementia.”® When the MBI-C is
not available, for instance, in legacy datasets, MBI can
still be operationalized and studied in relation to blood bio-
markers using the NPI and its derivatives.”®

Importance of specifying cognitive status
when reporting neuropsychiatric
symptoms

NPS are prevalent across the spectrum of neurocognitive
disorders, from CU through MCI and all stages of demen-
tia.'°*1°" While the range of NPS is broadly similar, com-
prising changes in apathy, mood/affect, agitation,
disinhibition, and psychosis, the rationale underlying the
search for biomarker correlates will likely differ depending
on the cognitive status. Studies exploring the association
between NPS and cognition using a nomothetic approach
have generally shown that the presence of NPS is either
consistent or increases as cognition worsens and disease
progresses.'®> Consistently, several studies have found
greater NPS frequency with worse cognitive status and/or
progression across the AD continuum (i.e., controls, SCD,
MCI, dementia).'®*'** Meta-analytic evidence further sup-
ports significant associations between NPS and cognition,
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as well as a greater presence of NPS in patients with demen-
tia who have poorer cognitive performance.'®

Additionally, studies have suggested that NPS, particu-
larly those meeting MBI criteria, in participants with MCI
are associated with both a higher rate of progression to
dementia®*'% and a lower probability of reversion to
CU,'"" regardless of the presence of Ap pathology.'® In
addition to the potential mediating role of cognition in the
association between biomarkers and NPS,'” other factors,
such as sex, cognitive complaints, worries, ethnicity, and
apolipoprotein E gene (APOE) haplotypes, seem to modu-
late the strength of the association between NPS and AD
biomarkers or incident dementia,'®!10-'14

While evidence has strongly linked MBI to elevated
dementia 11'sk,99’l 121157120 thare remains a degree of uncer-
tainty as to whether later-life emergent NPS are sequelae of
underlying NDD or psychiatric risk factors for cognitive
decline and dementia.''>!?! Notably, the hazard of incident
dementia associated with MBI differs based on cognitive
status. For example, when comparing MBI-psychosis to
no NPS, the hazard ratio (HR) for incident dementia was
9.96 in CU and 3.38 in MCIL'** While MBI-psychosis
was more frequent in MCI, with a higher absolute progres-
sion rate to dementia than in CU, these findings suggest that
the earlier MBI emerges, the more significant its relative
contribution to risk. Similar findings have been reported
for MBI domains of decreased motivation and emotional
dysregulation.''"''? Thus, while incorporating natural
history and cognitive status is helpful in classifying NPS,
biomarkers can help further differentiate NPS due to
NDD, normal aging, or other psychiatric conditions in
both clinical and research settings, especially in CU and
SCD populations. Molecular differences, general and sex-
specific, may contribute to the heterogeneity of NPS in dif-
ferent neuropsychiatric conditions, potential targets for
multiomic approaches aiming at the development of preci-
sion medicine strategies.'>® In this respect, biomarkers for
behavior are analogous to biomarkers for cognition,
namely, to differentiate normal cognitive aging from patho-
logical changes due to underlying NDD, which can be chal-
lenging in otherwise healthy individuals.'**

Data and results so far on studies of
neuropsychiatric symptoms and plasma
biomarkers across the cognitive
continuum

Biomarkers specific to NPS may differ from biomarkers of
NDD, as previously demonstrated in CSFE.'* NPS may
arise due to myriad possible etiologies, influenced in part
by the nosology and nomenclature applied in detection and
measurement. NPS biomarkers may guide symptom-specific
treatment and can be used in conjunction with disease bio-
markers to identify the underlying etiology. Presently,

much more work is needed to understand when and how to
differentiate late-life NPS due to various possible etiologies,
but the application of AD blood biomarkers is a logical start-
ing point. Here, we summarize data published so far on the
association between NPS and plasma biomarkers.
Recognizing the importance of specifying cognitive status
when discussing NPS, we stratify findings based on cogni-
tive group (i.e., CU, SCD, MCI, dementia) where possible,
acknowledging that some studies were also conducted in
mixed samples with various cognitive statuses.

Cognitively unimpaired adults

Several studies have reported significant cross-sectional and
longitudinal associations between Af pathology and at least
some NPS in CU participants. A review of these studies has
been published elsewhere.?® Cross-sectional, positive asso-
ciations were found between Af deposition and anxiety and
MBI-C total scores in CU participants.'**'?” Longitudinal
evidence has shown that: (1) depressive128 and anxious'?’
symptoms in participants without objective cognitive
impairment successfully predicted cognitive decline, par-
ticularly in the presence of A deposition; and (2) A path-
ology at baseline was significantly associated with
longitudinal increases in depression and anxiety symptom-
atology in CU participants,'3°~'32

The association between tau burden and NPS has been less
studied, and the results are less conclusive. The bulk of the evi-
dence arises from established biomarker approaches, and major
evidence in favor of significant associations comes from longi-
tudinal studies of CU participants at baseline rather than cross-
sectional designs.”® One study reported positive correlations
between baseline CSF total tau and p-tau,g; levels and longitu-
dinal increases in NPI-Q scores and mood/affective symp-
toms."*® Another study observed significant associations
between neuritic plaques and psychotic symptoms (but not
NPI-Q total scores).'*® A recent longitudinal study of 286
CU older adults at baseline found that NPS using the NPI-Q
were independently associated with greater progression to
MCI over an eight-year period (while adjusting for CSF and
PET biomarkers).'** For MBI, in a large sample of CU parti-
cipants, global MBI status was found to predict clinically
diagnosed and neuropathologically confirmed AD."' This
finding was later replicated in a cohort consisting of both
CU and MCI participants.'?° Psychosis, while low frequency,
had the strongest effect of all MBI domains. Another large
study of CU and SCD participants found that in reference
to a no NPS group, CU participants with MBI had a
2.76-fold greater incidence of dementia and SCD participants
with MBI had a 1.99-fold greater incidence of dementia. For
conventionally measured NPS not meeting MBI criteria, inci-
dence rates did not differ from the no NPS group. Of MBI
progressors to dementia, 76% developed AD.'*

A small study that included CSF biomarkers provides
biological insights into NPS in preclinical AD. In
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Ap-positive participants who were CU with or without
SCD, NPS measures (i.e., MBI-C) were associated with
early-stage AD Braak region tau-PET tracer binding and
higher CSF p-tau;g; levels, while cognitive performance
measures (i.e., ADAS-DR) were not linked to tau. !¢

Dementia-free older individuals (mixed CU, SCD, and
Mdl)

Several studies have explored the association between NPS
and blood-based biomarkers in mixed samples that include
CU, SCD, and MCI, sometimes denoted “dementia-free”.
In a 5-year study of 331 dementia-free older adults (47
with MCI), higher plasma Af,, levels at baseline predicted
incident late-onset depression.'*” In another 6-year study of
223 dementia-free individuals, those with depression and
lower AP4z40 at baseline were at greater risk of incident
AD compared to those with non-Af depression.'*® Of
those with Ap-associated depression, APOE €4 carriers
were at greater risk of AD than non-carriers.

Some studies also investigated associations between
blood-based non-core AD biomarkers and individual
NPS, mainly depression. One study used targeted proteo-
mics in ADNI to explore links with depressive symptoms.
Here, hepatocyte growth factor, insulin polypeptides,
pregnancy-associated plasma protein-A, and vascular endo-
thelial growth factor were found to be related to depres-
sion."*® Other than depression, one cross-sectional aging
study found that lower vitamin Bg levels were associated
with anxiety.'*® These studies exploring the relationship
between blood analytes, using various assays with
unknown levels of precision to NPS symptoms, and with
limited or no replication to date serve to highlight the
wide range of possibilities to be explored in future research.

The MBI construct has been particularly useful for better
understanding the relationship between NPS and core AD
plasma biomarkers amongst dementia-free older adults,
highlighting the importance of incorporating natural
history into NPS assessment. To date, several longitudinal
studies have been published on this topic. MBI was
shown to be associated with higher plasma p-tau;g; levels
over 4 years, an association not seen in participants with
NPS that did not meet MBI criteria (i.e., non-MBI
NPS)."*! In addition to a decline in memory and executive
function, survival analyses demonstrated a 3.92-fold greater
dementia incidence in MBI participants, with no significant
differences between the non-MBI NPS and no NPS groups.
Recently, a secondary analysis of data from a nutritional
supplement randomized controlled trial was reported, in
which both MBI and plasma p-tau;g; were measured.'*?
In this sample of dementia-free older persons (60% MCI),
MBI-psychosis was associated with an increase in plasma
p-tau;g; over one year. Further, a tau-PET study demon-
strated effect modification by amyloid status for
MBI-associated tau tracer uptake in early-stage AD Braak

regions; the association was observed only in Ap-positive
participants.'*® These findings extend those from the
BioFINDER-2 preclinical-AD study,136 and highlight a
need to investigate the relationship between MBI and
plasma tau in the context of AB. Most recently, in a study
of 101 dementia-free older adults, those with MBI had
higher plasma p-tau217 levels and higher odds of
p-tau217 positivity than participants without MBI.'*
These findings support the growing evidence base linking
MBI with AD proteinopathies, and the utility of MBI
status for disease detection in advance of dementia.

Aside from studies focusing solely on plasma tau bio-
markers, a cross-sectional study of 139 dementia-free parti-
cipants (53 with MCI) reported an association between
lower plasma Af4o40 and greater MBI burden. Among
MBI domains of affective dysregulation, decreased motiv-
ation, and impulse dyscontrol, only affective dysregulation
was significantly associated with lower plasma AByao.'*
In a longitudinal study of 583 dementia-free older adults
(330 with MCI), MBI was associated with a greater increase
in plasma NfL levels.'*® Although not in plasma, it should
be noted that MBI participants exhibited CSF p-tau;g,
p-tau;g;/AP4; ratio, and tau/A,; ratio trajectories consist-
ent with NDD across two independent cohorts with MCI;
in one cohort, MBI was also related to AP4, and AP4o/40
changes over 4 years. In contrast, these same biomarkers
did not differ between participants with non-MBI NPS
and no NPS, except for a longitudinal association with
total tau in one cohort. Importantly, of MBI progressors
to dementia, 81% developed AD.'¥

There have been some studies investigating the associ-
ation between other plasma analytes and NPS in non-
dementia samples. One study has shown that the presence
of inflammatory cytokine interleukin-(IL)-1f correlates
with agitation severity.'*® Higher plasma levels of IL-6
were also associated with a higher prevalence of depression
in a cohort of 69 CU or MCI individuals.'* Monocyte
chemoattractant protein-1 (MCP-1) was associated with
future risk of depression."”® One cross-sectional aging
study found that lower vitamin Bg levels were associated
with anxiety.'*°

Mixed samples including dementia

Comparatively few studies have combined participants with
and without dementia into one study cohort. One cross-
sectional study of 1005 older adults (118 with MCI or
dementia) found an association between plasma p-tau;g;
and p-tau,;; and greater agitation and disinhibition.'”' A
study in a memory clinic cohort including CU older partici-
pants and patients with MCI and mild dementia found no
association of plasma p-tau;g;, GFAP, and NfL with
overall NPS cross-sectionally, but GFAP and NfL were
associated with greater NPI-Q scores over time.'>
Applying an untargeted proteomics approach in the same
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cohort revealed that a combination of 15 plasma proteins,
including C-reactive-protein (CRP), complement factor H,
alpha-1 microglobulin, noelin, and apolipoprotein H, pre-
dicted current and future NPS,15 3 which was further vali-
dated in the ADNI cohort.'>* Finally, a study of patients
from outpatient memory clinics found a correlation
between brain-derived neurotrophic factor (BDNF) levels
and aggressiveness.'>

A multiplex biochemical biomarker study of 146 known
plasma  analytes from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) found several analytes that
were highly associated with depressive symptoms, including
hepatocyte ~ growth  factor, insulin  polypeptides,
pregnancy-associated plasma protein-A, and vascular endothe-
lial growth factor.'® Medications, body mass index, APOE
alleles, serum glucose, and CSF A levels were also assessed
and did not significantly affect the associations between these
plasma marker levels and depressive symptom scores. Future
studies in this area could conduct subgroup analyses examin-
ing the levels of these plasma analytes comparing MCI, prob-
able AD groups, and CU individuals.

A few studies have also explored the associations of NPS
with plasma inflammatory biomarkers in samples with
mixed cognitive statuses. A memory clinic cohort found
that NPS were associated with a panel of serum inflamma-
tory markers, including IL-6, eotaxin-3, and CRP."*® In a
small sample of 27 individuals with mild AD or amnestic
MCI, those with more apathy symptoms had higher serum
levels of soluble tumor necrosis factor (TNF) receptors.157
Nevertheless, it should be taken into account that these
blood-based inflammatory markers are poor and non-
specific biomarkers of clinical findings in general.'®
Given the range of analytes studied and assays used,
much work remains to be done to establish which, if any,
non-core AD biomarkers reliably predict emergence of spe-
cific NPS symptoms.

AD dementia

AD, the most common type of dementia, is very frequently
accompanied by NPS, including apathy, motor disturbances,
depression, anxiety, agitation and, less commonly, delusions,
hallucinations, and disinhibition.”® Owing to its high preva-
lence, a large amount of research has been conducted on
NPS in AD dementia relative to preclinical or prodromal
stages of NDD. The wealth of research in this area has
enabled a more precise understanding of individual NPS in
relation to plasma biomarkers, as summarized below.

Agitation. In recent years, agitation in patients with AD has
been associated with several blood-based biomarkers. As
observed in non-dementia samples, high levels of IL-6, cor-
tisol, and greater natural killer cell activity, all indicating
pro-inflammatory conditions, were associated with agita-
tion severity.159 However, there is conflicting evidence

regarding the relationship between IL-6 and agitation,
with one study finding no association in their sample.'®
Baseline TNF levels'®® and 4-hydr0xynonenal161 have
been both observed to be associated with agitation severity
and oxidative stress.

In AD carriers of the APOE €4 allele, plasma Af45/40 has
been associated with longitudinal increases in agitation.'®*
Elevated levels of irisin have been reported in patients
with agitation and were positively correlated with the dur-
ation of agitated symptoms.'®> While BDNF was associated
with agitation in a mixed cognition cohort, as previously
mentioned, " this association did not hold in samples com-
prising only AD dementia participants.'®® In females, the
APOE €4 allele confers the greatest risk of agitation severity
compared to other allele combinations.'®* While there have
been various primary investigations assessing the relation-
ships between blood biomarkers and agitation severity,
many of the studies have not yet been replicated and some-
times report conflicting results.

Apathy. Apathy has been observed in some cohorts to be the
most prevalent NPS in AD, with a point prevalence of 49%.'%
Positive correlations between apathy and plasma levels of
y-aminobutyric acid (GABA), a key inhibitory neurotransmit-
ter in the central nervous system, have been observed.'® The
presence of apathy has also been associated with a higher
plasma/platelet clusterin ratio in AD.'®” However, evidence
for the association between plasma homocysteine levels and
apathy has been mixed. In one study, plasma homocysteine
levels were associated with total Apathy Evaluation Scale
(AES) scores in a sex-dependent manner: females with
apathy had significantly higher homocysteine levels than
those without. After controlling for cognition, depression,
and vascular risk factors, plasma homocysteine was correlated
with the cognitive and behavioral subdomains of AES, but not
with the emotional domain.'®® In contrast, another group
found no significant difference in mean plasma homocysteine
levels between patients with AD who had NPS and those who
did not."® One explanation for this discrepancy could be the
way NPS were operationalized as well as possible differences
in assays; in the second study, apathy was included within an
‘affective cluster’ alongside anxiety, depression, and irritabil-
ity, potentially obscuring distinct associations with apathy
specifically.'®”

Depression. In studies examining depression, positive corre-
lations were found between plasma GABA levels and
depression scores on the NPL'® Another study reported
differing plasma homocysteine levels in patients in the
moderate AD stage with or without depression; plasma
homocysteine levels were higher in patients with major
depression compared to those without major depression.'”°
Moreover, patients with moderate AD also exhibited more
severe behavioral disturbance symptoms on the Cornell
Scale for Depression in Dementia than patients with mild



54

Journal of Alzheimer’s Disease 109(1)

AD, suggesting a potential relationship between elevated
homocysteine levels, more burdensome behavioral distur-
bances associated with major depression, and dementia
progression.

Dementia stage-specific associations between plasma cer-
amide levels and NPS were also observed in another study of
patients with mild and moderate-to-severe AD; specifically,
plasma ceramide levels were positively associated with
NPI-depression only in those with moderate-to-severe
AD.'""" However, another study reported elevated plasma
ceramide levels in patients with recent major depression
(within two years) compared to patients with past or no
history of major depression, regardless of dementia
status.'”> A major limitation of this latter finding was the
small sample size and the combination of CU individuals
with patients with AD, as no significant differences in
mean ceramide levels were found between these two groups.

One study examined plasma cortisol concentration and
depressive symptoms.'’> Although mean plasma cortisol
was higher in AD compared to controls, it was only slightly
higher in patients with AD who had depression than in those
who did not have depression. This study concluded that
plasma cortisol levels were more reflective of cognitive
impairment than the severity of depression in this population.

Psychosis. Several blood-based biomarkers have been
assessed for their relationship with the severity of psychosis
among patients with AD. Homocysteine serum levels were
positively correlated with psychotic symptom severity,'”*
whereas IL-7, IL-15, and IL-18 were all negatively correlated
with psychosis severity.'”> When stratified by APOE €4
carrier status, IL-15 was the best predictor of total NPS
(including psychosis) in carriers, while IL-18 and TNF were
the best predictors among non-carriers.'’® Many of these bio-
marker assessments are standalone investigations that require
replication to improve the evidence supporting the utility of
these biomarkers for patient risk assessments and treatment
response observations in the context of psychosis.

Less common NPS in AD. Plasma/platelet clusterin ratio has
been observed to be associated with greater severity in NPI
domains of disinhibition, aberrant motor behavior, and irrit-
ability in patients with AD.'®” Another group found posi-
tive associations between plasma ceramides and delusions
in the mild AD stage. 71 Other NPS, such as hallucinations,
elation, anxiety, and appetite changes, are less frequent and
did not have positive findings in other studies. Many of the
studies focusing on less frequent NPS reported associations
with CSF biomarkers, not plasma, and hence were not
included in this review.

NPS in AD genetic association studies. Analysis of plasma
samples has facilitated the study of genetic factors and
their role in developing NPS in AD, sometimes implicating
certain pathogenic pathways or specific neurotransmitter

systems. The €4 allele of the APOE gene is widely recog-
nized as the most substantial genetic risk factor for sporadic
late-onset AD.'”” A genome-wide association study identi-
fied a significant association between the APOE €4 allele
and psychosis in AD.'’® However, a review paper on
APOE haplotypes and NPS in AD revealed inconsistent
findings: some studies found significant associations
between the APOE €4 allele and more agitation/aggression,
hallucinations, delusions, and late-life depression or
anxiety, while other studies failed to find any association.'”
A systematic review and meta-analysis of 53 studies found
no association between APOE €4 alleles and depression,
anxiety, apathy, agitation, irritability, or sleep disturbances
in MCI or AD."® However, it has been proposed that
APOE €4 alleles may differentially exert their effects on
behavioral symptoms in AD depending on the cognitive
stage'®! or may act as modulators of the effects of other
genes on such behavioral manifestations,'®* particularly in
earlier dementia stages.'®® Recent studies on sex-specific
associations found that APOE e4/e4 females showed
increased NPS burden and higher NPS severity scores
than APOE ¢3/e3 females, with no such association in
males.'® A 1-year longitudinal study of 793 patients with
AD found that participants with the APOE €4 allele exhib-
ited symptoms of irritability/lability, delusions, hallucina-
tions, and agitation/aggression.'®*

The remaining studies reviewed here are candidate gene
association studies which are prone to false positives so the
findings should be interpreted with caution. Dopamine func-
tion is mediated by five distinct receptor subtypes (DRDI,
DRD2, DRD3, DRD4, and DRD5).'® Studies have been
conducted to examine the associations of NPS among
patients with AD with dopamine receptor polymorphisms.
One study found that psychosis and aggression were signifi-
cantly more prevalent in DRDI B2/B2 homozygotes, while
psychosis alone was more prevalent in DRD3 B1/B1 or
B2/B2 homozygotes.'®® Neither aggression nor psychosis
were associated with variants of the DRD2 or DRD4
genes.'®®  Similarly, another study found associations
between DRD variants and psychosis and aggressive behav-
ior, as well as an association between a DRD3 polymorphism
and psychosis, but not with aggression in AD.'’
Specifically, carriers of the DRDI B2 allele displayed more
frequent symptoms of aggression and hallucinations, and
individuals homozygous for the DRD3 Bl allele were
more likely to experience delusions. These findings con-
trasted with those of a previous study where homozygosity
for either DRD3 allele was associated with psychosis in
AD. '8¢ Another study, however, did not confirm these asso-
ciations between DRD3 polymorphisms and psychotic symp-
toms (delusions and hallucinations) on the NPL'®® A
longitudinal study of 395 patients with probable AD found
associations between DRD3 and elation, and between
DRD4 with agitation/aggression and DRD4 with depression;
however, these findings did not remain significant after



Ismail et al.

55

correction for multiple testing.'® DRDI and DRD2 were not
associated with these symptoms, and no significant associa-
tions were found between DRDI-4 variants and the other
NPS of delusions, hallucinations, psychosis, and aberrant
motor behavior. To conclude, larger studies and longitudinal
data are required to better understand the relationship
between DRD1-4 variants and NPS.

Serotonergic function is modulated by the serotonin
transporter (SERT), which is responsible for the reuptake
of 5-hydroxytryptamine (5-HT) at the synapse. SERT is
an important target for the pharmacological management
of psychiatric symptoms. Two variants that influence the
transcription rate of the SERT gene are the linked poly-
morphic region (LPR) variant and the variable number
tandem repeat (VNTR) variant. One study found the
102 T polymorphism of the 5-HT2A receptor to be signifi-
cantly associated with delusions and agitation/aggression in
96 patients with AD,190 consistent with other studies.'®!
However, one study showed no associations between LPR
and symptoms of depression, psychosis, anxiety, or agita-
tion."”® A longitudinal study of 367 patients with AD
found a significant relationship between the LPR variant
long allele and NPIl-irritability scores, and between the
VNTR variant 10-repeat allele and NPI-psychosis scores.
No associations between these variants were found with
depression, anxiety, or agitation/aggression.'**> To con-
clude, SERT could play a role in the development of symp-
toms of irritability or psychosis, where these findings could
be replicated further in larger cohorts. Associations with
anxiety and depressive symptoms could also be further
studied in relation to the SERT gene.

Various genetic markers have been implicated in psych-
otic symptoms. The 152153674 single nucleotide poly-
morphism of the G72 locus, implicated in other psychotic
disorders, was significantly correlated with the severity of
delusional aspects of AD-induced psychosis.'”® In a
single nucleotide polymorphism investigation, the T allele
of rs6494223 of the CHRNA7 gene (the gene for the
alpha 7 nicotinic acetylcholine receptor) was associated
with a higher severity of delusions, with cognition being
controlled for using the Mini-Mental State Examination.'**

Vascular cognitive impairment and dementia

Vascular cognitive impairment and dementia (VCID) refers to
cognitive decline in which cerebrovascular disease either
causes or contributes to the cognitive syndrome.'® Diverse
pathophysiological mechanisms may underlie VCID, including
cerebral small vessel disease, ischemic stroke, macro- and
micro-hemorrhages, and CAA.'*® Traditionally, neuroimaging
has been central to the identification of cerebrovascular path-
ology and the pathophysiological processes that lead to VCID.

Compared to core AD biomarkers, blood-based biomar-
kers for VCID are less established. CAA is one potential
cause of VCID, leading to both small vessel disease (e.g.,

lacunar infarctions, periventricular hyperintensities, cere-
bral microhemorrhages) and macrohemorrhages. CAA has
been associated with lower AP4y measured in the CSF.'’
However, only lower AP4, in the hereditary Dutch-type
CAA was found to be significant, while no differences
were observed between sporadic CAA and control groups
for APss, APao, or APuo.'”® Emerging blood-based biomar-
kers for VCID due to subcortical small vessel disease
include inflammatory cytokines, markers of oxidative
stress, and endothelial-derived adhesion proteins (e.g.,
soluble intracellular adhesion molecule-1 and soluble vas-
cular cell adhesion molecule—l).lgg’zoo

Depression is the best-studied NPS in VCID, and litera-
ture on ‘vascular depression’ may be sufficiently salient to
inform future work on blood-based biomarkers of NPS in
VCID.?*" While not studied specifically in those with
VCID, older adults with depression have been found to
have a greater burden of white matter hyperintensities on
neuroimaging as well as higher levels of IL-1p and TNF
receptor-2, and lower levels of glial-derived neurotrophic
factor, adiponectin, and serum brain-derived neurotrophic
factor.”°! The recent identification of brain endothelial
injury markers, such as vascular-endothelial cadherin, and
their association with AD pathology and cognitive outcomes
in preclinical AD, offers opportunities to further explore
associations of their plasma levels with NPS in AD.**?

Frontotemporal dementia

FTD encompasses a class of NDDs characterized by pro-
gressive neuronal loss in the frontal and temporal lobes,
with a typical onset in middle age.”>* While there is het-
erogeneity in clinical presentation, FTD is most often
characterized by language and communication impair-
ments (e.g., primary progressive aphasia [PPA]) and/or
abnormal behavior.>** Behavioral variant FTD (bvFTD)
is typified by disinhibition, personality changes, and a
decline in socially accepted behavior, judgment, and self-
control. These often co-occur with other NPS, of which the
patient is typically unaware. The relationship between
plasma biomarkers and NPS in FTD is an area of active
research.

NfL, a measure of neuro-axonal damage, has been a prime
candidate for discriminating FTD from AD in both CSF and
plasma studies, with comparable findings.”*> NfL has also
demonstrated high discriminatory power (area under the
receiver operating characteristic curve of 0.84 to 0.96) to dif-
ferentiate bvFTD from primary psychiatric disorders (e.g.,
major depressive disorder, schizophrenia, conversion dis-
order).2**2%7 Recent work has found that plasma GFAP, a
measure of astrogliosis, was elevated in patients with FTD
(n=72) compared to those with AD (n=56); there were
no group differences in NfL.2%® Plasma GFAP was also asso-
ciated with progression to moderate FTD. Additionally,
plasma GFAP was significantly higher in patients with
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FTD with symptomatic GRN pathogenic variants compared
to C9orf72 expansion carriers or patients with MAPT patho-
genic variants.””® Finally, plasma tau concentrations were
found to be higher in bvFTD (n=71) and PPA (n=83) com-
pared to healthy controls (n=22), as well as in patients with
MAPT pathogenic variants compared to those with C9orf72
expansions or GRN pathogenic variants.*'

FTD can be challenging to diagnose, especially at its
early stages, as its NPS often overlap with symptoms due
to other etiologies. Given this overlap, most biofluid
studies of NPS in FTD examine differentiating dementia
etiologies and time to cognitive impairment.'? Biomarkers
help to understand the biological underpinnings of these
symptoms. The levels of certain biomarkers might be asso-
ciated with the degree of neuroinflammation or neuronal
loss in specific brain regions, which in turn could relate to
the severity of NPS in dementia.

Dementia with Lewy bodies

DLB is the second most common neurodegenerative type of
dementia in older people, resulting from the aggregation of
a-synuclein.*'! Core features of DLB include visual hallu-
cinations and REM sleep behavior disorder (RBD), though
other behavioral symptoms, including depression, apathy,
anxiety, hallucinations in other sensory modalities, and
delusions, may also occur.>'>?'3 Together, these symptoms
often cause greater behavioral burden than in other demen-
tia syndromes.*'*?!3 Proposed biomarkers for DLB encom-
pass various modalities such as single-photon emission
computed tomography (SPECT), magnetic resonance
imaging (MRI), polysomnography, CSF analysis, PET,
and skin biopsies.*'* While there are many tools available
to help assist with the detection of the various biomarkers
and symptoms associated with DLB, there is very little
research to date on plasma biomarkers that could be utilized
to detect DLB or the behavioral symptoms that may accom-
pany Lewy body diseases. A study on the association
between NPS and neuropathological correlates suggests
that LB and AD pathology contribute differently to NPS,
likely through an additive process.”'® However, studies
involving biomarkers to confirm these findings are still
lacking. The few studies that have investigated plasma bio-
markers in the context of DLB have done so in relation to
cognitive performance and isolated RBD,*'7*'® or have
mixed samples including older adults with other
NDDs.?!” The dearth of research investigating the relation-
ship between these symptoms and pathological changes
highlights the critical need for more research in this field.

Ethical aspects of biomarker research in
neuropsychiatric syndromes

AD biomarker testing may be performed by research studies,
clinical trials, or as part of a clinical evaluation.??* % In all

settings, individuals should be offered a choice of whether or
not to learn their results,”** %> a practice that supports com-
mitment to patient-centered care, transparency, and informed
patient choice. Effective communication and support during
the process of sharing biomarker information with patients is
important because learning about risk can be distressing.
Studies demonstrate that patients do experience distress
regarding the return of biomarker results.** Individuals
watching amyloid PET disclosure videos experience declines
in positive feelings and increases in negative feelings.**’ Best
practices for disclosure to promote autonomy and well-being
include pre-test counseling and post-test explanations, guid-
ance, and support, including therapeutic alternatives and
information on healthy life choices.””® A comprehensive
example is the Biomarker Disclosure Toolkit.?*’

With the advent of the U.S. Food and Drug
Administration-approved AD-specific treatments, it is
important to promptly identify potential candidates for
treatment (i.e., patients with a clinical diagnosis of early
symptomatic AD with biomarker confirmation of Ap path-
ology). While there are many reasons why clinicians may
not provide a clear diagnosis,>***> these delays increase
the risk of NPS, which typically worsen as dementia pro-
gresses and complicate collaborative decision-making.
Patients may be less likely to recognize their symptoms
due to anosognos.ia.236 NPS, such as apathy, anhedonia,
impulsivity, and delusions, can exacerbate existing issues
with the ability of patients to protect vital self-interests
such as financial security.”>’ Delays thus disempower
patient choice, especially since certain treatments are
likely to be most effective early in the disease.”**®

The field of AD biomarkers is rapidly evolving, and the
appropriate use of biomarkers depends on clinicians being
knowledgeable about recent developments. For example,
with their greater accessibility compared to CSF testing or
imaging techniques, blood-based biomarkers may expand
access to AD biomarkers in socioeconomically disadvan-
taged societies, including low- and middle-income coun-
tries.”>” However, most AD biomarker studies have been
performed in cohorts lacking racial and ethnic diversity
that are healthier, have higher education levels, and have
higher incomes than the general population.*****! This is
especially concerning because biomarker values appear to
be associated with factors such as race, medical conditions,
and greater contextual factors that encapsulate structural
and social determinants of health.”>***>** Although using
different cut-offs for different groups has been proposed, it
is vital to avoid adjusting for group differences in a manner
that perpetuates disparities.>*> For example, it would be pref-
erable to use biomarker measures that perform consistently
across groups or to adjust for factors (e.g., renal clearance)
that may underlie group differences.?*®

In conclusion, rapid progress in biomarker development
is providing opportunities to improve AD diagnosis, but
using these advances to benefit patients requires an
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understanding of the limitations of these tests. Further, it is
essential to consider if, when, and how to communicate
these potentially life-changing results.

Clinical implementation

This narrative review has shown that many variables need
consideration when assessing associations between
plasma biomarkers and NPS. Heterogeneity in NPS defini-
tions and case ascertainment, heterogeneity in cognitive
status or syndrome, and heterogeneity in biomarker assays
and platforms all contribute to heterogeneity in findings.
Further, different approaches are required depending on
the purpose of the biomarker—diagnostic biomarkers may
differ from prognostic or monitoring biomarkers. Clarity
of purpose will be essential for clinical implementation.
The AD Core 1 biomarkers (A, p-tau) are likely the first
to be used in the assessment of NPS in clinic, following their
use for assessment of cognitive impairment. However, clini-
cians will first need to be comfortable using the biomarkers
for NPS, which will likely occur after experience and
comfort with the use of these biomarkers for cognition.
This manuscript serves as a reference and starting point
by identifying strengths and opportunities in the field. Some
clinical implications may be derived from the available evi-

dence based on contexts of use:>*’

e Plasma biomarkers will hardly replace standardized
neuropsychiatric assessments for diagnosis of NPS.
Nonetheless, they could be useful to select specific
cohorts for clinical trials based on the expected
outcomes.

e Plasma biomarkers could be potentially useful to
forecast behavioral decline, and for prognostic pre-
dictions particularly concerning responses to specific
therapeutic interventions. Once validated for target
engagement, they can also be used to monitor thera-
peutic response and assess efficacy.

e Finally, plasma biomarkers could be used to detect
adverse reactions or safety concerns of a behavioral
therapy. In the general population, they might poten-
tially be used to detect the behavioral effects of
exposure to environmental agents. All these implica-
tions will depend upon well-grounded research
aiming to investigate associations of plasma biomar-
kers with meaningful behavioral outcomes.

Limitations and directions for future
research

This review aimed to summarize evidence on a topic that has
not yet been widely or systematically studied. As this area of
study is quite nascent, and the literature scant, we conducted
anarrative review rather than a systematic review. We leveraged

the subject matter expertise of the author group and collective
knowledge of the field to guide us. The authors implemented
NPS and dementia-relevant search terms, supplemented by a
review of reference lists, and their own knowledge of the
field. We tried to include all relevant articles that were available.
Nevertheless, the lack of a systematic review methodology
should be considered a limitation of this work. In addition,
the assessed studies had different inclusion and exclusion cri-
teria, used different protocols to assess NPS and plasma bio-
markers, combined patients at different dementia stages, and
had diverse sample sizes (often small), thus making it chal-
lenging to reach more comprehensive conclusions.

Most of the included studies were cross-sectional, a
result of the fact that this topic has not received the required
attention from large, multi-center studies. In addition, the
scientific community has provided much more attention to
AD in comparison to other dementia syndromes, resulting
in a discrepant proportion of articles related to AD specific-
ally. Future research should address the relevance of plasma
biomarkers in longitudinal studies of NPS, and consider the
etiological diversity of dementia.

Standardization of pre-analytical protocols must be
widely adopted to harmonize methods and ensure the reli-
ability of research results.>*® Variability in the associations
of plasma biomarkers with neuropathology is still wide-
spread due to the non-adoption of proper control of pre-
analytical factors that may interfere with biomarker measure-
ments. Additionally, the summarized studies of non-core AD
biomarkers should be viewed as suggestive at this point due
to use of non-standardized assays. Additional research, espe-
cially longitudinal studies are required.

Plasma p-tau species are non-invasive and reliable indica-
tors of both amyloid and tau pathology and more accurate
than plasma amyloid biomarkers to predict conversion to
dementia.*** However, their negative predictive value is
still not high enough. Different plasma analytes are differen-
tially informative of brain events at various stages of AD.
Much still needs to be learned about the processes that
control both the production and clearance of analytes when
dealing with a biofluid biomarker that affects the interpret-
ation of steady-state concentrations. The field requires a
broader variety of plasma biomarkers that are both sensitive
and specific to neuropathology.?**° Relatedly, the science
continues to evolve. For example, CSF Ap relationships
with other biomarkers of AD-related processes, such as
those for oxidative damage, are complex, nonlinear, and
not fully understood.?>' 2% Similarly, in PSEN] variant car-
riers and in patients with DLB, a pleiotropic change is sug-
gested at the time of cognitive failure.”>>*°° Future studies
need to incorporate behavior into this type of modeling.

Finally, implementing widely available diagnostic criteria
for NPS and differentiation from pre-existing psychiatric path-
ology is essential for proper associations with plasma biomar-
kers. Standardizing neuropsychiatric assessments for detecting
NPS consistently may improve their detection and differential
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Table 2. Actionable items.

Research
Goals
conclusions.

Harmonization of protocols for neuropsychiatric assessment and biomarker studies (and particularly considering
pre-analytical factors that may interfere with such assessments) is essential to reach more comprehensive

Biomarker studies that assess associations with neuropsychiatric syndromes must consider potential sex differences
and be conducted in cohorts with racial and ethnic diversity, as well as diverse educational and income levels.

Longitudinal studies with large cohorts that aim to investigate associations between neuropsychiatric syndromes and
plasma biomarkers throughout the Alzheimer’s disease continuum while considering the presence of mild behavioral
impairment may help elucidate cause-and-effect relationships.

Systematic reviews assessing associations of plasma biomarkers with neuropsychiatric syndromes will be needed when

more studies on the field are available.

The associations of some less studied plasma biomarkers with behavior should also be the target of future studies.

Clinical Goals

Standardization of neuropsychiatric assessments may improve the detection of neuropsychiatric syndromes and

differential diagnoses with primary psychiatric syndromes, thus reducing costs and benefitting patients, caregivers,

and healthcare systems.

A broader variety of plasma biomarkers that are both sensitive and specific to neuropathology is required.

Communication and support must be provided to patients when sharing biomarker information due to potential
distress when assessing neuropsychiatric prognoses (pre-test counseling and post-test explanations).

Objective associations of plasma biomarkers with neuropsychiatric syndromes can be important not only for patient
information but also for use in clinical trials and for prediction of behavioral status at different timepoints in the

continuum of dementia syndromes.

diagnoses with primary psychiatric syndromes, align clinical
and research procedures, reduce costs, and benefit patients,
caregivers, and healthcare systems with the cost-effective
standard of care and research for NPS.

Next steps

With the ongoing efforts by the scientific community to
understand AD (and other NDDs) as a biological construct’
to facilitate therapeutic development, clinicians need to
translate that information into easily understandable recom-
mendations for their patients. In clinical studies, researchers
should communicate closely and follow up with their parti-
cipants.”>” Autonomous decision-making in people with or
at risk for dementia depends on promoting understanding
by clearly delineating evidence of benefits, risks, and gaps
in knowledge,”® including the translational aspects of
plasma biomarkers of NPS.

Consistent selection of neuropsychiatric tests and their
harmonization,”® as has been done with neuropsycho-
logical tests,”*® might enable the use of mechanistically
relevant biomarkers and treatment in line with their demon-
strated informative or therapeutic value, with clear uniform-
ity across different centers. More original studies with
validated and harmonized methods to assess both NPS
and plasma biomarkers in diverse cohorts are required,’
including less-studied biomarkers of neuroinflammation
and endothelial dysfunction.”®' Other factors that may
also affect NPS measurement, such as informant character-
istics for informant-rated tools, should be considered.?%?
Agitation, apathy, depression, and psychosis are the most
frequently studied NPS, for which there are syndromic cri-
teria, though many others could be included in study proto-
cols with large samples. Such studies should address all

NPS in different stages of different dementia syndromes
and not only more frequent symptoms.

Important questions remain open, highlighting how much
needs to be done with regards to biomarker development in
this space. Whether some pre-existing or co-morbid condi-
tion underlying NPS symptoms significantly contributes to
the trajectory of AD, or whether AD pathology occurring
years before cognitive symptoms emerge affects processes
that determine NPS are important questions to pursue further.

The associations of some less studied plasma biomarkers
with cognition and neuropathology have already been demon-
strated in the literature, but no studies with NPS may be cur-
rently found. These include circulating microRNAs>** and
extracellular vesicles”® which should also be the target of
future studies with behavioral associations.

Longitudinal studies that find associations between NPS
and plasma biomarkers throughout the AD continuum while
considering the presence of MBI are in high demand. These
studies could suggest mechanistic relationships to elucidate
how NPS and neuropathology evolve over time, and
address if proper therapy may modify such relationships.
Systematic reviews that identify, select, synthesize, and
appraise all high-quality research evidence relevant to the
associations of NPS with plasma biomarkers will be needed
when more original studies are available. Actionable items
have been drafted to achieve these goals (Table 2).

Implications and conclusion

The pathogenesis of behavioral symptoms is guided by
neurochemical consequences of environmental factors and
genetically-mediated proteinopathies. Objective associations
of plasma biomarkers with NPS can be important not only for
patient information during routine follow-up but also for use
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in clinical trials and for prediction of behavioral status at dif-
ferent timepoints in the continuum of dementia syndromes.

The etiology of NPS and their underlying conditions
should be determined with appropriate clinical workup,
including plasma biomarkers that are minimally invasive
by nature. This is important, as treatment is likely to vary
depending on the underlying etiology. Nevertheless, it
remains to be determined if treatment of later-life emergent
and persistent NPS in preclinical and prodromal disease will
change the disease course and delay or prevent incident
behavioral and cognitive decline and dementia.
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