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Abstract

During this decade, breakthrough conceptual shifts have
commenced to emerge in the field of Alzheimer’s disease
(AD) recognizing risk factors and the non-linear dynamic
continuum of complex pathophysiologies amongst a wide
dimensional spectrum of multi-factorial brain proteinopathies/
neurodegenerative diseases. As is the case in most fields of
medicine, substantial advancements in detecting, treating and
preventing AD will likely evolve from the generation and
implementation of a systematic precision medicine strategy.
This approach will likely be based on the success found from
more advanced research fields, such as oncology.

Precision medicine will require integration and transfertilization
across fragmented specialities of medicine and direct
reintegration of Neuroscience, Neurology and Psychiatry into
a continuum of medical sciences away from the silo approach.
Precision medicine is biomarker-guided medicine on systems-
levels that takes into account methodological advancements
and discoveries of the comprehensive pathophysiological
profiles of complex multi-factorial neurodegenerative diseases,
such as late-onset sporadic AD. This will allow identifying
and characterizing the disease processes at the asymptomatic
preclinical stage, where pathophysiological and topographical
abnormalities precede overt clinical symptoms by many years
to decades. In this respect, the uncharted territory of the AD
preclinical stage has become a major research challenge as
the field postulates that early biomarker guided customized
interventions may offer the best chance of therapeutic success.
Clarification and practical operationalization is needed for
comprehensive dissection and classification of interacting and
converging disease mechanisms, description of genomic and
epigenetic drivers, natural history trajectories through space
and time, surrogate biomarkers and indicators of risk and
progression, as well as considerations about the regulatory,
ethical, political and societal consequences of early detection
at asymptomatic stages. In this scenario, the integrated roles
of genome sequencing, investigations of comprehensive
fluid-based biomarkers and multimodal neuroimaging
will be of key importance for the identification of distinct
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molecular mechanisms and signaling pathways in subsets
of asymptomatic people at greatest risk for progression to
clinical milestones due to those specific pathways. The precision
medicine strategy facilitates a paradigm shift in Neuroscience
and AD research and development away from the classical
“one-size-fits-all” approach in drug discovery towards
biomarker guided “molecularly” tailored therapy for truly
effective treatment and prevention options. After the long
and winding decade of failed therapy trials progress towards
the holistic systems-based strategy of precision medicine may
finally turn into the new age of scientific and medical success
curbing the global AD epidemic.

Key words: Alzheimer’s disease, biomarkers, systems biology, precision
medicine, precision medicine initiative.

Introduction

he emerging paradigm of precision medicine

(1) aims at optimizing the effectiveness of

disease prevention and therapy, by considering
an individual’s specific biological makeup (e.g.
genetic, epigenetic, biomarker, phenotypic, lifestyle
and psychosocial characteristics) that recognizes and
embraces the heterogeneity of disease for targeted
interventions aimed at specific biological subsets rather
than the traditional concept of neurodegenerative
diseases or brain proteinopathies, such as Alzheimer’s
disease (AD) as homogenous clinicopathological or
clinicobiological entities. Therefore, drug discovery and
development in precision medicine starkly contrast with
the classical “one-drug-fits-all” approach. This precision
medicine, biomarker guided, therapy strategy is what
has led to drastically improved treatment success in



oncology. Historically and persistent to date, medicines
are developed for categorical, typically clinically defined,
“neurodegenerative disease” entities representing
advanced late stages of biological dysfunction converging
into clinical symptomatic phenotypes. This historically
developed “one-size-fits-all” approach for treating
biologically heterogeneous groups of clinical phenotypes
continues to be utilized for the development of early
detection, intervention and prevention options as well,
where biomarker candidates are being validated against
the plethora of heterogeneous clinical operationalized
syndromes, rather than against genetically (risk profile)
and biologically (molecular mechanisms and cellular
pathways) determined entities.

We hypothesize that with the introduction of
precision medicine into Neurology, Psychiatry and
Neuroscience, these specialties will be reintegrated into
the broader medical and scientific spectrum facilitating
a comprehensive holistic systems model of disease
aimed at effectively detecting, treating and preventing
neurodegenerative diseases, such as AD beginning
with the primary care provider and integration of
lessons learned from the oncology, infectious disease
and cardiovascular spaces. Additionally, the research
and development community also integrate broader
disciplines to overcome the challenge of both precise
early preclinical detection and effective prevention and
disease modification. This scientific revolution will only
be possible due to the ever increasing array of customized
mechanistic compounds and advancing technologies for
more precise molecular targeting underlying specific
biological dysfunction (pathophysiology) in order to
curb the global epidemic of age-related sporadic
neurodegenerative diseases, such as AD.

Besides other areas of substantial progress in
medicine, the theoretically and scientifically matured
translational research field of oncology has already
initiated implementation and is stepping up practical
progress of precision medicine, primarily due to the
identification of the genomic nature of the malignant
pathophysiology driven through individual patterns
of oncogenes in affected patients and patient
subgroups. We propose to learn from these lessons
and allow unrestrictive and undogmatic exploration
with transfertilization into neuroscience, neurology
and psychiatry. Currently, precision medicine is in the
process to be applied broadly across an ever increasing
number of diseases, thanks to the implementation of
large-scale biological databases and the development of
high-throughput screening methods — the “omic” tools
— discovering and characterizing disease mechanism
related biomarkers. This methodologically exploratory,
integrative and interdisciplinary approach, underlying
precision medicine, is referred to as systems biology (SB)
based on systems theory (2, 3).

A plethora of molecular alterations have been
described in AD brain pathophysiology including, but
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not restricted to, modifications in amyloid precursor
protein metabolism (4), tau phosphorylation (5), lipid
alterations (6), membrane lipid dysregulation (7),
mitochondrial dysfunction, amplified oxidative stress,
activation of immunological and neuroinflammatory
pathways (8), and the anomalous interplay of
brain neurotransmitter systems (9). Given that
these perturbations are reciprocally interrelated, a
comprehensive exploratory systemic approach seems
necessary in order to shed sufficient light on the decade
long non-linear dynamic pathogenesis, particularly of
polygenic late-onset sporadic AD across time and space
and systems, including a final scientific frontier, the
complex neural networks (10, 11).

The objective of precision medicine is to decipher the
specific biological and molecular perturbations associated
with disease among specific sub-populations. This
approach helps understand the final diagnostic dilemma
of clinical heterogeneity by identifying a person’s
comprehensive and characteristic pattern of risk factors
and biological dysfunction, as reflected by genomic and
genetic variants, neuroimaging indicators (structural,
functional, metabolic) as well as fluid-based biological
markers (cerebrospinal fluid [CSF], blood, urine, saliva).
By understanding the complexity of these alterations
and identifying the importance of specific alterations
among groups of patients, a refined preventive or
therapeutic approach that is specifically personalized (i.e.
“customized”) to the individual can be applied.

Different categories and methodological modalities of
indicators will serve as innovative molecular mechanistic
biomarkers providing the in vivo measurement of
specific pathophysiological and topographic features
in AD. These genetic drivers and related encoding and
expression products, such as fluid biomarkers will foster
the selection of the most beneficial treatment regime
for individual patients by making through assessment
of the molecular pathophysiological events responsible
for the patient’s progression to clinical symptoms at
different disease stages. Thus, effective targeted drugs
as focused therapeutic strategies — i.e. “molecularly”
targeted therapies for precise treatment of molecular
pathophysiological pathways associated with AD — will
be developed and/or improved (1, 12). In this respect,
the future neurologist and psychiatrist, as the oncologist
today, will be able to deliver optimally targeted and
timed interventions tailored to the definite biological
profiles of patients. Notably, the Institute of Medicine
(IOM) has summoned a number of boards of experts to
examine key issues related to biomarkers, biomarker
testing, genomics, and correlated disciplines. These
efforts have emphasized the need for an efficient
investigation of all the opportunities and challenges
related to biomarker assays for “molecularly” targeted
therapies. Particularly, in recent times, the IOM
summoned a Committee on Policy Issues in the Clinical
Development and Use of Biomarkers for Molecularly
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Targeted Therapies in order to provide suggestions on
key clinical practice, regulatory, and reimbursement
issues. Particularly, this led to the conceptualization
of ten comprehensive recommendations — namely, the
IOM Committee Recommendations for Advancing
Appropriate Use of Biomarker Tests for Molecularly
Targeted Therapies — based on the idea that properly
validated and implemented biomarker tests and
targeted therapies hold substantial ability to improve
the quality of patient care and ameliorate significant
clinical outcomes (13). These steps are supposed to allow
precision medicine to express its potential for improving
patient care and clinical outcomes (13).

The systems biology (SB) paradigm for
complex multifactorial diseases: from systems
theory to precision medicine

Next-generation molecular and high-throughput
techniques are opening new avenues of research towards
the discovery of mechanisms and networks underlying
complex multifactorial diseases (14-19). These networks
enhance progress towards new molecular signatures,
comprehensive risk classification and translational
(directly applicable to patient) targeted interventions
leading to the conceptualization of the precision
medicine paradigm (1, 20-24). The most influential
methodological and technical advancements for precision
medicine are innovations in genome sequencing, which
has led to several In Vitro Diagnostics (IVDs) in the
cancer field. However, recent advancements in whole-
genome sequencing (WGS) and screening of individuals’
sequences, copy number variants and structural
rearrangements, candidate pathogenic or protective) are
likely to reach the clinic as a routine procedure in the next
5-10 years (25).

Next-generation sequencing (NGS) technologies are
already delivering in terms of both the detection and
treatment of diseases with a basic genomic component
(e.g., Mendelian and, as yet, uncharacterized diseases)
(14, 15, 26). However, many complex diseases — including
diabetes, neurodegenerative diseases, and most cancers
will require a SB-based approach to identify effective
interventions. A comprehensive understanding of
the full pathophysiological spectrum of dimensional
(not categorical) neurodegenerative diseases
(proteinopathies), such as AD in precision medicine will
require several advancements:

I) understanding of the multifactorial nature of
the disease (i.e., involving a combination of genomic,
epigenomic, interactomic, and environmental factors); II)
resolution of the “altered networks”, affecting essential
modules and interactomes; III) realization of the non-
linear dynamic aspect of the disease translated through
its array of independent and interrelated mechanisms,
with a fine balance, interplay with and between
impaired complex networks and homeostatic defense

mechanisms (14, 15). For multifactorial diseases like
AD, comprehensive holistic systems-level approaches
are necessary, which is a strength of the SB paradigm,
which aims at understanding the genotype-phenotype
relationships and mechanisms at the levels of genome/
epigenome, transcripts (RNAs), proteins/peptides,
metabolites, interactomes, and environmental factors
participating in complex cellular networks. SB is not
so much concerned with inventories of working parts
but, rather, with how those parts interact to produce
working units of biological organization whose
properties are much greater than the sum of their parts.
Additionally, SB seeks to understand what makes
complex networks and systems sustainable and viable,
and how complex diseases can arise from “altered
networks states”. Understanding these systems and
networks in their functional and dysfunctional states can
reveal characteristic molecular signatures and candidates
for tailored interventions, according to the precision
medicine paradigm (14-17, 19, 27-29). On this basis, the
conceptualization of the SB paradigm for multifactorial
diseases is presented in Figure 1. Briefly, comprehensive
assessments of candidate groups of individuals should
start with genome sequencing to reveal genomic
signatures, for basic risk assessment at the genomic
level (i.e. intrinsic susceptibility to disease). From here,
further comprehensive systems-level analyses, with SB
multi-omics methods (experimental and computational)
are needed (14-16). These advanced methods, with
incorporation of new standardized techniques and
guidelines, continuously updated and refined, are needed
to reveal specific molecular signatures and biomarkers,
the underlying mechanisms and actual disease risk and
disease stage, towards mechanistically-based targeted
interventions (preventive and/or therapeutic); this
represents the “true precision medicine” paradigm (14-
15). Definitively, the key message is that for precision
medicine-based strategies of complex multifactorial
diseases to succeed, systems-level approaches are
absolutely necessary (Figure 1).

SB-based methods in precision medicine: next-
generation molecular, high-throughput “omics”
and computational methods

Advanced SB-based methods, including next-
generation molecular, high-throughput “omics”
approaches and computational methods are continuously
advancing. Comprehensive SB experiments studying
transcriptome, proteome/peptidome, and metabolome
patterns and interactions were first achieved in yeast,
a reference “model eukaryote” (30), with most relevant
approaches being compiled in standardized protocols
and databases (19). This opened the way to investigations
in other organisms and, finally, in humans. Thus,
Snyder and coworkers (2012) performed multi-omics
analyses in longitudinal studies in humans by using
integrative personal “omics” profile (iPOP), monitoring
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panels of biomarkers and patterns towards personalized
diagnosis and personalized medicine (18). While still
expensive, these approaches are progressively becoming
more affordable. Examples of recent advanced studies
using SB-based approaches and methods applied to
multifactorial diseases include: I) integrative genomic
approaches including transcriptomics (RNA sequencing)
for tumor profiling towards personalized cancer therapy
(31); II) identification of key regulators of pancreatic
cancer progression through multidimensional systems-
level analysis (32); III) integrative transcriptomics,
proteomics, and network analyses to reveal candidate
targeted therapies in chronic myeloid leukemia (33);
IV) systems-level studies including Sequential Window
Acquisition of all THeoretical Mass Spectra (SWATH-MS)
proteomics, together with genomics, transcriptomics,
metabolomics and trans-omic data for the discovery
of mechanisms and signatures in liver disease (34); V)
network-level analyses of transcriptome data integrated
with genome-scale biological networks (protein-protein
interaction, transcriptional regulatory and metabolic)
to unveil molecular signatures of ovarian diseases (35);
VI) integration of NGS technologies, SB and networks
approaches to identify convergent patterns in autism
(36); VII) integrative systems genomics, transcriptomics
and proteomics studies for evaluation of a neuroblastoma
cell lines as models for Parkinson’s disease (37); VIII)
systems-based approaches to neurodegenerative
diseases and biomarker discovery (3, 14, 15, 38, 39). More
omics-driven studies and initiatives are in progress to
revolutionize the healthcare system in the direction of the
precision medicine paradigm (Figure 1) (40).

The SB paradigm applied to AD

Despite the huge potential of advanced systems-level
approaches applied to multifactorial diseases, the reality
is that evolving precision medicine initiatives for AD
and other neurodegenerative diseases (1, 20-22, 41) are
still missing the essential SB framework, which is key for
the successful implementation and operationalization of
precision medicine strategies (Figure 1). This critical issue
needs to be fully corrected in order to advance healthcare
towards “true precision medicine”.

In addition to a re-orientation away from the
traditional “one-size-fits-all” approach, additional
work is needed to establish a precision medicine
neurodegenerative disease and AD initiative, supported
by consequently applied SB-based methods (Figure 1).
In particular, advanced molecular and high-throughput
technologies, in conjunction with computational and
integrative networks tools, need to be incorporated
within the same study populations/cohorts.
Additionally, rigorously defined methods, guidelines and
standards are needed to move from “Research Use Only”
(RUO) tools to laboratory developed tests (LDTs) or
IVDs, which are required for biomarker-guided precision
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medicine. Raw data and integrative approaches will have
to be deposited in protocols series, databases, and data
repositories, with essential metadata (e.g., conditions
and techniques used) to support the identification of
real comparable datasets, for solid analytical studies.
Even though with intrinsic limitations (14, 15, 27),
relevant efforts are being made and advances are steadily
achieved in both the experimental and computational
areas of SB (3, 14, 15, 17, 19, 39, 42).

Figure 1. The systems biology (SB) paradigm for complex
multifactorial diseases: from SB-based approaches to
precision medicine. Pipeline. Multifactorial diseases
involve genomics, interactomes, and environmental
contributions for which SB-based approaches are needed.
Comprehensive screenings of individuals, groups,
and subgroups need to start with advanced genome
sequencing methods in order to unveil specific variants
and genomic signatures for basic risk assessment at
genomic level (ie. intrinsic susceptibility to disease)
(point 1). From here, further comprehensive systems-
level analyses, with SB multi-omics networks methods,
both experimental and computational, are needed (point
2) (14-16). These advanced methods, with incorporation
of new standardized techniques and guidelines, are
expected to reveal specific molecular signatures and
biomarker patterns in time and space, underlying
mechanisms and actual disease risk and disease stage,
towards mechanistically-based, rational-tailored
interventions, preventive and/or therapeutic (i.e. “true
precision medicine” paradigm) (14-15)

MULTIFACTORIAL COMPLEX DISEASES
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It should be noticed that system-level methods in
neurodegenerative disease and AD research present
obstacles. One significant hurtle is infancy of the
stage of early stage molecular diagnostics as well as
the reliance solely on advanced positron emission
tomography (PET) or lumbar puncture modalities. Until
reliable physiological and molecular signatures and
validated (i.e. IVD, LDT) biomarkers (and companion
diagnostics) are available, the diagnosis often relies on
the occurrence of different clinical signs, symptoms
and patterns, often detected only at an advanced late
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stage of the disease. Another key issue is the need for
standardization of methods and data records. In this
regard, newly developed systems-level methodologies
and protocols need to be tested and compared with
previously established procedures. Once validated,
they lead to the establishment of new standards and
guidelines towards reliable methods and specific disease
signatures (43). This represents a continuous process
until reliable and affordable methods and biomarkers
are approved by medicine agencies, such as the US Food
and Drug Administration (FDA) clinical trials guidance
with adherence to the principles of good clinical practice
(GCP) (44), the European Medicine Agency (EMA),
and the European Clinical Trials Database (EudraCT)
(45). This process entails the development of validation
procedures and guidelines for: I) collection, pre-
treatment, manipulation, and preservation of samples
and data records, II) analytical methods, molecular and
high-throughput “omics” techniques, statistical and
bioinformatics approaches for analysis and integration
of truly comparable datasets, and III) reliable molecular
signatures, profiles and biomarkers of disease and
disease stage, together with metadata from longitudinal
studies and clinical trials, in continuous refinement.
More specifically, the primary advances in terms of
standardization and guidelines in AD originate from
global efforts performed in the area of neuroimaging
and biomarkers including the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) (46) and the Dominantly
Inherited Alzheimer Network (DIAN) (14, 15, 47-49). To
date, much of the work in molecular signatures of AD
remain in the discovery or very early validation phase
rather than LDT or IVD stage.

Even though precision medicine-based strategies for
AD are being the subject of increasing attention and
investigations (1, 20-22, 41), the requirement to apply
systems-level methods and approaches to AD (Figure
1) is mostly underestimated or even overlooked.
SB approaches towards precision medicine paradigm
are urgently needed; to this aim, multidisciplinary
worldwide collaborations will be required to progress
from SB to translational systems medicine and public
health. Relevant examples of systems-level approaches in
AD have been recently produced (3, 14, 15, 39). Finally,
latest initiatives showing a promising future for SB and
precision medicine are currently being developed: I) the
European Association of Systems Medicine (EASyM)
(50), 1I) the European Prevention of Alzheimer’s disease
Consortium (EPAD) (51), and III) the Precision Medicine
Initiative (PMI) at the National Institutes of Health (NIH)
(24) with the recent approval of a $400 million increase in
AD research funding (52).
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The role of Genetics in precision medicine
for AD - From genomic medicine to precision
medicine: personal genomics profiles

It is well-known that AD is a multi-factorial genetically
complex multi-factorial disease with heritability estimates
between 58-79% (53, 54). Given the increase in average
life expectancy and the subsequent rise of AD prevalence,
the identification of subjects at high risk of developing
AD is key for prognosis and early intervention. Thus,
genetics can provide a valuable starting point for
advancement. AD is a heterogeneous disease caused by a
combination of environmental and genetic factors. Early-
onset AD (EOAD) is caused by highly penetrant variants,
the majority of which are attributable to mutations in
one of three genes, amyloid precursor protein (APP,
located at chromosome region 21q21.2) (55), presenilin 1
(PSENTI, located at 14q24.3) (56), and presenilin 2 (PSEN2,
located at 1g42.13) (57). However, late-onset AD (LOAD)
accounts for more than 95% of AD cases and is caused
by a more complex underlying genetic architecture. To
date, along with the polymorphism in the apolipoprotein
E gene (APOE, chromosome 19q13.2) (58), a number of
common and moderately rare genome-wide significant
(GWS) susceptibility loci are associated with LOAD
(59-66). Despite enormous efforts across the research
community and the successful identification of those loci,
the understanding of the aetiology of non-Mendelian
forms of neurodegenerative diseases remains limited
and the pressure to identify subjects at high risk of AD
increases.

To date, however, the vast majority of genetic work
in AD has been the search for individual genes or
combinations of genes associated with a dichotomous
outcome of an AD diagnosis. To compound this, the vast
majority of these AD diagnoses were made solely based
on clinical phenotypes rather than any indication of
underlying biological signatures reflected by mechanism-
specific biomarker quantification. This would be akin to
using genetics to determine “cancer” presence instead of
specific genetic profiles of individual subtypes of cancers.
From a precision medicine standpoint, what is needed
in AD science is the identification of genetic signatures
of specific subtypes of individuals most likely to benefit
(or not benefit) from targeted therapies. Even further,
combination of genomic and proteomic, metabolomics,
lipidomic signatures can further refine these models as
well as identify modifiable biological pathways.

In addition to GWS loci, significant evidence (p =
4.9x10-26) for a polygenic component enriched in AD
has recently been reported (67). This implies that the
genetic architecture of AD includes many common
variants of small effect that is likely to reflect a large
number of susceptibility genes contributing to a complex
set of biological pathways related to disease. The
polygenic scoring approach is of utility for calculating



an individual level genetic risk profile that can predict
disease development. The APOE ¢4 allele is the strongest
known genetic risk factor for AD. In the presence of
APOE &4 alleles, the area under the ROC curve (AUC) is
67.8% (95% C.I. = 66-69%). Inclusion of the numbers of
APOE ¢2 alleles in the logistic regression model slightly
increases prediction accuracy values; in particular, the
AUC increases to 68.8% (95% C.I. = 67-70%). Prediction
accuracy is further enhanced (AUC = 72% (95% C.I. =
70-73%), model improvement over APOE p = 2.7x10-12)
when the variable based upon GWS single nucleotide
polymorphisms (SNPs) or their proxies is added.

The addition of the polygenic component based upon
about 87,600 SNPs further improves the prediction
accuracy: AUC = 74.5% (95% C.I. = 73-76%, model
improvement over and above APOE and GWS loci is
significant (p = 1.3x10-11)). Remarkably, this actual AUC
value is quite close to the upper limit AUCmax = 82%
(95% C.1. = 78-85%) (68) that could be achieved given
the genetic epidemiology of the disease, namely disease
prevalence (2%) and SNP-heritability (24%) (69, 70),
indicating that the polygenic risk profiling captures the
SNP-heritability very well and is quite suitable for AD
genetic risk prediction.

Since AD is largely a disease of older people and the
prevalence of AD escalates rapidly with age, then age
needs to be taken into account in the context of practical
application, such as in experimental designs comparing
cases with high or low polygenic risk of AD. It is known
that, given the same heritability, genetic liability is a
better predictor of disease status for diseases with smaller
prevalence, because “a higher proportion of those with
high genetic liability are actually diseased” (70). The
results of the analyses stratified by age confirm this
finding and show the highest AUC value in the 60-69 age
group (AUC = 79.2%). In this age group, AD prevalence
is about 2-3% (71) and the maximum AUCmax estimate is
82% (95% C.1. = 78-86%), which is very close and, in fact,
not significantly different (p = 0.08) from the actual one.

In summary, our analyses suggest that, while as
yet unknown, the majority of the remaining common
variant susceptibility loci are captured, either directly
or indirectly, within the polygenic risk score model
and this is quite suitable for AD genetic risk prediction.
This analysis also indicates that the contribution of any
new findings, not already captured by polygenic risk
score, to the overall prediction of AD risk is likely to be
small and attributed to rare variants, since the linkage
disequilibrium between low frequency causal variants
and commonly genotyped SNPs is low (72). One can
further enhance the prediction accuracy by adding more
environmental and/or clinical information. For example,
the addition of age and sex to the prediction model,
increases the AUC value from 75% to 78% (95% C.I. =
77-80%) (67). As demonstrated in other complex diseases,
future polygenic score analysis of variants identified
by exome/genome sequencing are expected to further
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inform our differentiated understanding of the genetic
underpinnings of AD (73).

It is now possible to add to the genomic profile non-
heritable genetic variants, such as de novo copy number
variants or DNA methylation status. These variables do
not contribute to SNP-heritability and, therefore, such
genomic profiles could exceed the AUCmax previously
shown. Other potential sources of increasing prediction
accuracy are gene-gene/gene-environment interactions.
Further analysis clarifying the significance of loci that
do not currently reach genome-wide significance in the
biological pathways established as being important in
disease will refine and improve the prediction accuracy.

The concept of genomic profiling is largely
understood as a possibility to determine the risk of
disease for an individual given their genetic variants.
Comprehensive genomic profiling is essential to set
the stage for targeted therapies based on the patient’s
unique disease risk profile. We advocate that genomic
profiling is a promising tool for predicting the risk of
future progression to AD among specific subsets of
early symptomatic or pre-symptomatic individuals and
should be investigated. The clinical value of the current
AD genomic profiling for matching patients to targeted
therapies needs to be further investigated; from this
viewpoint, genomic profiling based upon biological
pathways (74) could be a first step. As AD is caused by a
complex interplay of genetic, lifestyle, and environment
factors, epidemiologic studies should be used to examine
interplay of these different factors among subpopulations
of AD patients, as well as pre-clinical asymptomatic AD
cohorts, to determine the clinical validity, clinical utility,
and public health utility.

Discovery, development, and validation of
pathophysiological biomarker candidates in
AD

Despite the anticipation following genome-wide
association studies (GWAS) and WGS capacity, the full
power of precision medicine has yet to be realized and
the prescription of several drugs, outside the cancer
arena, is largely based on trials and errors (75). Precision
medicine is widely considered to be the “Holy Grail”
of the next era of medicine where specific patients
are treated with specific interventions — medication,
behavioral, environmental, etc. — based on the biology
of their disease. In order for precision medicine to be
fully realized, a full-spectrum of mechanism-specific
biomarkers must be developed, validated and integrated
into clinical medicine. In this respect, the potential and
key significance for blood-based biomarkers in precision
medicine for AD needs to be elaborated.

Biomarker-based (guided) stratification of
therapeutic intervention is the key to precision
medicine, with drugs such as trastuzumab (Herceptin)
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and imatinib (Gleevec) being the reference model
after demonstrating remarkable efficacy for specific
patients (76). While the cancer arena has generated
numerous companion diagnostics to guide therapy
(available at http://www.fda.gov/MedicalDevices/
ProductsandMedicalProcedures/ InVitroDiagnostics/
ucm301431.htm), few other areas of medicine have kept
pace. However, recent work points towards the use of
blood-based biomarkers for realizing the potential of
precision medicine paradigms for numerous disease
states including, but not limited to, multiple sclerosis
(MS) (77), hypertension (78), idiopathic pulmonary
fibrosis (IPF) (79), allergic diseases (76), and diabetes (80).

Blood-based biomarkers are ideal complementary
biomarkers to genetic, cerebrospinal (CSF), and
neuroimaging biomarkers as they are time- and cost-
effective and can, therefore, provide and define restricted
access to more advanced and invasive biomarkers in
a multi-staged diagnostic process (81). Blood-based
biomarkers have been studied extensively in AD with
regards to diagnostics (81-84), risk prediction (85),
understanding the complexity of the pathobiology (86,
87). Within the precision medicine area, the primary need
is for companion diagnostic assays (CDx) that not only
aid in the identification of which patients are most likely
to respond to specific interventions, but also to rule out
those patients who may suffer from safety and tolerability
issues (75). While most current CDx’s approved by the
FDA are single-assay (and single-gene), the tremendous
advancements in “omics” technologies and analytic
power open novel opportunities for the development of
CDx’s for a range of disease states.

How can blood-based biomarkers aid in the
development of precision medicine for AD? AD
involves a broad range of pathophysiological processes
- including immunological mechanisms, inflammation,
metabolic dysfunction, neurotrophic dysfunction, and
oxidative stress — in addition to the well-characterized
amyloid beta (AB) and tau pathophysiologies. In fact,
AP and tau related mechanisms do not seem to occur
in isolation and without interaction with other intra
or extracellular mechanisms and pathways in sporadic
late-onset AD. This complex web of pathophysiologies
through time, space and systems dimensions of disease
in the brain clashes with the “one-drug-fits-all” belief
as was the case prior to the biomarker-based guided
therapies in cancer (75). Therefore, profiling biological
pathways associated with AD may highlight novel
opportunities for therapeutics (88, 89); notably,
inflammatory pathways may represent such targets
(90, 91). Using inflammation as an example, there
are numerous studies linking inflammation to AD
pathophysiology (92-94). Inflammation and immune
system alterations have been reported to be associated
with AD pathophysiology and risk (95-99) and long-term
use of non-steroidal anti-inflammatory drugs (NSAIDs)
is related to a reduced risk of developing AD (100-102).

249

Based on pathobiological, clinical, and epidemiological
data, multiple clinical trials have been completed utilizing
NSAIDs for the treatment or prevention of AD (103-106);
nevertheless, all failed to meet clinical trial endpoints.
However, molecular markers have the potential for the
identification of specific subgroups (i.e. endophenotypes)
of disease state (78) that may be more likely to benefit
from specific interventions. In fact, a preliminary work
shows that, by profiling the inflammatory system, it is
possible to identify a specific subgroup of AD patients
with detectable alterations in the inflammatory system
treated in the Alzheimer’s Disease Cooperative Study
(ADCS) trial who benefitted from that “failed” trial (107).
Additionally, another subset of cases most likely not
benefitting and suffering from adverse responses (i.e.
worsening of cognition) was identified by this approach.
Therefore, as demonstrated by cancer research, molecular
markers may be utilized in AD and neurodegenerative
diseases to identify specific subsets of patients that most
likely benefit from specific interventions and differentiate
them from patients who likely not benefit using the same
compound (78). Additionally, given the rapidly growing
graveyard of failed AD therapeutics that never made it
past Phase III trials, these novel blood-based patterns can
be applied to the biorepository samples from these failed
trials in order to (I) demonstrate proof-of-concept and (II)
provide the requisite information for novel CDx-driven
clinical trials.

Additionally, it is widely believed that novel disease-
modifying candidate drugs will likely succeed in Phase
III AD trials in the upcoming future. However, without
a precision medicine-guided approach, the field will
be in a similar dilemma facing the prescription of
disease-modifying anti-rheumatic drugs in rheumatoid
arthritis where these drugs are prescribed essentially
by trial and error (74). This approach is inefficient
with regards to cost and patient outcomes. However,
if blood-based profiles (i.e. algorithms) of underlying
biological disturbances can be generated to identify
those patients most likely to respond or even respond
adversely (e.g. inflammatory events) to these disease-
modifying therapies, besides and in addition of exploiting
the options of pharmacogenomics, these novel drugs will
have a substantially increased impact in terms of patient
outcomes and medical costs. In fact, these CDx assays
are currently being developed in the area of rheumatoid
arthritis. Additionally, at this point, these disease-
modifying therapies remove soluble or aggregated forms
of “amyloid” or “tau” from the brain; however, it remains
possible that other specific forms of amyloid and/or tau
are more relevant to pathophysiology and progression
among specific sub-populations of individuals. At
this point, the molecular detection strategies are not
sufficiently advanced to generate IVDs (or LDTs) for
sufficiently broad numbers of forms of amyloid or tau
and the disease-modifying drugs are not sufficiently
tailored. However, based on the advances in cancer



research, one can easily envision a near future where
interventions are CDx-guided to specific forms of
amyloid for specific subsets of individuals. Finally, as
has been clearly demonstrated from the cancer space, the
development of CDx for specific molecules must begin
early in the process, ideally in co-development beginning
in preclinical development and the CDx should inform
the design of Phase 2 and 3 trials. As the precision
medicine model advances in AD, the clinical trial design
and design of CDx for molecules will also evolve.

The use of profiles and algorithms to generate
precision-medicine paradigms and CDx for AD
introduces a number of challenges and new obstacles
not yet adequately addressed. The international
blood-based biomarker working group has recently
generated the first-ever pre-analytical guidelines for
blood-based biomarkers in AD (108); however, CDx
introduce the need to fully understand the analytical
accuracy and precision on treatment effects, variances,
and other aspects of the device performance itself (109).
A tremendous effort has been undertaken to move CSF-
based AD biomarkers from RUO towards LDTs and
IVDs, in recent years. However, in the blood-based
biomarker area, the vast majority of work continues to be
conducted on discovery-based platforms that will likely
never transition to LDTs, much less to IVDs. Moreover,
there are statistical issues to consider when transitioning
from a clinical trial assay and bridging from a clinical trial
assay and the CDx to be utilized for implementing FDA-
approved drug (110). Despite these challenges, blood-
based biomarkers offer an attractive and substantial
window of opportunity for the development of a
precision-medicine paradigm in AD.

Evolving conception of targeted therapeutic
strategies in the field of AD

High-throughput molecular profiling (“omics”
techniques) and SB are currently expanding our
understanding of the molecular pathophysiology of
neurodegenerative diseases. This increasing knowledge
holds the promise for precision medicine to be fully
realized both in patients who progress to first prodromal
symptoms and to the late-stage dementia syndrome (to
improve symptom control and/or decrease the rate of
cognitive decay) and asymptomatic subjects at risk of
dementia (to implement primary or secondary prevention
programs). Unfortunately, there have been historical
barriers for the implementation of precision medicine
trials for dementia. Accordingly, despite a continuous
and devastatingly low success rate of clinical trials in
AD (phase 3 trials below 1.8%), the reductionistic “one-
drug-fits-all” approach has continued to be adopted
to date, whereby patients are all treated according to
the severity of their cognitive decline - generally
measured with the Mini Mental State Examination
(MMSE) - (111) and their diagnostic classification, solely
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based on clinical criteria, e.g., the National Institute of
Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRA) criteria (112). As a result
of this traditional strategy, “symptomatic” treatments for
AD have been developed and marketed even within an
unselected and largely heterogeneous patient population
(113), which provide minimal benefit even at the group
level. However, the well-known heterogeneity of the
involved pathophysiological processes coupled with
the increasing number of putative biomarkers render
the current AD and neurodegenerative diseases clinical
trial paradigm reductionistic and inefficient. Innovative
study designs are needed to facilitate the successful
clinical development of targeted agents within specific
molecular phenotypes of neurodegenerative diseases. In
this scenario, new transformative clinical trial designs
are warranted. In such innovative “disease-modifying”
trials, eligibility should be based on an accurate
CDx’s rather than the classic cognitive profile and the
diagnostic characteristics of patients. Importantly, these
study designs hold the promise to reduce the rates of
unexpected events seen in drug development against
cognitive decline (e.g., the unexpected absence of benefits
- and even potential harms (114) — of cholinesterase
inhibitors in subjects with mild cognitive impairment),
as well as to keep the number of patients recruited in
the respective trials at reasonable levels. For example,
the success of agents targeting AR formation and/or
aggregations for patients with AD is critically dependent
on I) the presence of amyloid pathology assessed by
CSF or amyloid imaging, and II) the evidence that such
pathology is having an adverse impact on cognition
(particularly in the prodromal phase of illness). However,
a significant barrier when implementing this approach is
the limited availability of reproducible, specific, sensitive
as well as cost-effective biomarkers (115, 116). New study
designs are needed to facilitate the successful clinical
development of targeted agents, specifically requiring
three critical steps (as outlined below).

There are three steps critical to the advance of precision
medicine in the field of neurodegenerative diseases and
dementia disorders. The first step is the identification
of “at risk” individuals in a preclinical phase. This can
be achieved through the assessment of I) modifiable
and non-modifiable risk factors, II) cognitive profile, IIT)
biomarker proof of disease, and IV) changes of these
factors over time. All of these variables can be combined
in a probabilistic model for developing AD dementia
over a defined time period, as described in the previously
mentioned EPAD project (51, 117). Such approach may
be helpful not only to define the risk at the individual
level but also to moving into individual contributor roles
to the global risk. In the second step, it is important to
tailor treatment based on the information gathered from
the first step. This goal may be achieved by I) controlling
modifiable risk factors, II) enhancing resilience, and III)
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modifying disease course (if necessary) through specific
pharmacological interventions (Figure 2). The third step
consists in assessing the outcomes of the first two phases.
For example, the success of a tailored intervention in a
preclinical population (118) may consist in improvements
in cognition (or less-than-expected declines) and
normalization of pathophysiological and topographic
biomarkers. In general, this new paradigm states that
risk of neurodegenerative disease at the individual level
declines when any given contributory factor has been
blunted.

Figure 2. Intervention paradigm for future secondary
prevention of neurodegenerative diseases and dementia
disorders at the preclinical level according to specific
biomarker abnormalities, with the goal of allowing
treatment decisions on the use of specific disease-
modifying drugs. Concurrent tailored risk factor
modification can optimize outcomes (as measured
by cognitive and functional preclinical measures).
Such approach can lead to a reduced incidence of
neurodegenerative diseases and dementia disorders or a
delayed progression from the preclinical stage to the full-
blown clinical syndrome
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Additionally, it is important to note that tailored
interventions in neurodegenerative diseases and
dementia disorders must not be restricted to
pharmacological interventions but should also be aimed
at reducing controllable risk factors and enhancing
resilience. In this scenario, the future of prevention
relies on evidence for individually tailored, effective,
and safe interventions probably consisting of combined
pharmacological and non-pharmacological approaches.
The focus on non-pharmacological approaches
is warranted in the earliest disease phases (generally
occurring in the middle to late adulthood). This goal
can be attained through the implementation of lifestyle
interventions and control for known modifiable risk
factors. Conversely, the use of pharmacological
strategies should be limited to cases in whom the specific
underlying pathological changes that precede disease
phenotypes could be targeted through drugs only.
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The neuroimaging perspective on targeted
precision therapies for AD

Imaging pathological findings like fibrillar Ap and
neurofibrillary tangles (NFTs) in vivo may enable
targeting therapy to the stage of AD based on the results
of clinical trials of therapeutics in which patients have
been stratified by quantitative analysis of binding by
PET agents specific to the therapeutic intervention,
such as anti-amyloid or anti-tau. Quantitative analysis
has enabled validation of cognitive assessments with
the sensitivity necessary for secondary prevention
strategies during the preclinical phase of the disease,
when the outcome of therapeutic intervention is more
likely to yield greater benefit. Imaging of AP has pushed
traditional AD clinical trial measures to a new limit;
imaging of tau may enable development of other
metrics for risk stratification, or even “liquid biopsy”,
as the basis for screening patients into still earlier
interventions targeting the tau infrastructure. As stated
above, it remains to be known if tailored amyloid or
tau interventions will be needed for specific forms of
these proteins among specific sub-populations. If that
becomes the case, PET imaging can enable identification
of presence/absence and then CSF assays will be needed
to guide specific interventions to the given patient.

The identification, localization, and quantification of
typical neuropathologic changes in the post-mortem
brain tissue have long been regarded as the definitive
diagnosis of AD. [18F]Fluorodeoxyglucose-PET (FDG-
PET) and volumetric magnetic resonance imaging (MRI)
approaches aiming to support the diagnostic workup
in clinical practice are currently applicable only after
the onset of clinical symptoms, which usually reflects
considerable progression of disease (119).

New diagnostic solutions that allow non-invasive
neuroimaging of pathological and pathophysiological
findings in AD could support not only the evaluation of
disease processes, but also help in the development of
therapies targeting either AP or tau (120) and/or other
mechanisms. Distinctive neuropathological findings
include extracellular Af plaques and intracellular tau-
associated NFTs. These plaques are predominantly
found in the precuneus, anterior and posterior cingulate,
parietal, frontal and lateral temporal cortices, a
characteristic distribution which can be used for visual
reading of PET scans. The visual cortex and the primary
sensorimotor cortex are spared of Af3 deposits until very
late in the course of the AD, consistent with the sequence
of subsequent clinical symptomatology (121). The utility
of pattern-based analyses of presence and progression
of cognitive loss and potential for precision medicine
approaches remains unknown.

In healthy control subjects, the cortical uptake of AP
agents is low in comparison with patients suffering from
prodromal AD of the hippocampal type/MCI-due-to-AD
or fully developed AD dementia. However, a significant



proportion of cognitively healthy elderly show increased
cortical AB binding. This finding is supported by post-
mortem histopathological data showing A plaques
upwards of 30% of the non-demented elderly population
above 75 years of age, likely representing preclinical
AD. However, population-based studies have yet to be
conducted to inform such base rates at the individual or
population level. Ongoing trials are testing the hypothesis
that removal of this amyloid among cognitively normal
elders will reduce risk for development of AD. Given
the significant pathological comorbidity associated with
presence of amyloid and tau, it is likely that a precision
medicine approach of combination therapy consisting
of disease-modifying therapies (at some point targeted
to the specific type of amyloid and/or tau protein) with
medications targeting other systems of dysfunction (e.g.,
inflammation, metabolic dysfunction, neurotrophic
dysfunction, oxidative stress) will achieve substantially
greater clinical impact than the single-drug approach.

Deposition of AP can be detected by amyloid-specific
imaging agents for positron emission tomography -
computed tomography (PET/CT) as early as fifteen years
before the onset of AD symptoms whereas the next most
sensitive metric, cerebral hypometabolism (FDG-PET/
CT) is detectable only 10 years prior to symptom onset.
AR PET/CT is thought to precede by 10 years the declines
in even the most sensitive cognitive metrics including
episodic memory (122).

Although studies have demonstrated that a negative
AP scan indicates absence of AD with a high level of
accuracy (high negative predictive value), and therefore
can be used to stratify patients for trials of anti-amyloid
therapy (123), for the purpose of therapeutic decision-
making in clinical practice it will not be practical to
screen for AD using PET scans except as the population
has been stratified for risk using another method with
high sensitivity (124), albeit low specificity or prognostic
quality (125). To date, CSF tests are also reproducible
and, in classical Kaplan-Meier curves (126) as well as
models of disease progression (127), stratify to poor
prognosis and seem to detect declines in the ApR1-42
peptide approximately twenty-five years before onset of
symptoms. Therefore, given the prevalence of AD at the
age of 75 and the high cost of early-onset dementia, CSF
could be used to stratify people beginning at the age of 40
to be referred for screening with PET/CT. More desirable
and generalizable for baseline screening of larger
populations for more specific secondary investigations
using CSF and/or imaging methods would clearly be
blood-based biomarker technology.

Cortico/ cerebellar standardized uptake value ratio
(SUVr) is used as an index of pathologic AB deposits in
patients with AD, comparisons and controls in research.
Other cortical regions, like pons or centrum semiovale,
are being evaluated as alternative or additional reference
regions. The SUVr calculates the ratio between selected
cortical regions-of-interest (ROI) and the cerebellum as
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a reference. Quantitative evaluations using global and
regional cortico-cerebellar SUVr may allow an objective,
quantitative value to enhance the visual read to discern
cognitively healthy individuals from AD patients (128,
129).

Quantitation also enables increased sensitivity in
early stages of AD. Rodrique and colleagues performed
AP PET studies of 137 cognitively healthy adults. Eight
cortical regions were created for each hemisphere
along with a cerebellar hemisphere reference region
excluding the cerebral peduncles, and segmental and
global cortico-cerebellar SUVr were derived. There was
a progressive increase in cortical Ap deposition with
increasing age. Twenty percent of subjects older than 60
years showed increased AP deposition with the cut-off
SUVr of 1.22 for optimum differentiation of clinically
significant versus insignificant A3 deposition. Direct
correlations were demonstrated with increasing age,
APOE ¢4 carrier status, and inverse correlations with
cognitive performance for processing speed, working
memory, and reasoning ability. Episodic memory showed
no correlation with AB uptake. These findings led the
authors to conclude that detectable cognitive deficits may
commence even in earlier stages of AD in patients with
elevated cortical A (130).

SUVr was the key measurement; visual estimation
of grey-white matter differentiation may result to be
complicated by a lack of consistency among different PET
or PET/CT systems that may have different resolutions,
image noise levels, and reconstruction algorithms (131).

Significant difference in SUVr was seen between
MCI and AD subjects in precuneus, posterior cingulate,
and frontal median segments. Visual evaluation of the
PET scans showed a good sensitivity of 84.6% and a
low specificity of 38.1% for discriminating AD patients
from control subjects. On the other hand, quantitative
assessment of the global cortico-cerebellar SUVr showed
a very good sensitivity of 92.3% and specificity of
90.5% with a cut-off SUVr value of 1.122. The lower
specificity (38.1%) of visual assessment demonstrates the
difficulty of differentiating patients from healthy controls
based on grey-white matter differentiation alone. The
authors conclude that this lower specificity was due to
the variability among scanner performance, resolution
and image noise among the three participating PET/CT
systems (132).

Quantitation also facilitates longitudinal assessment
which can be more discerning of early disease, document
the natural history of disease, serve as a biomarker in
clinical trials of targeted therapy, and, then, assist in
clinical practice in the individualization of therapeutic
regiments. SUVr has been used to quantify changes in
Ap deposition in 49 cognitively healthy elderly subjects
(MMSE > 29) and 36 subjects with MCI (MMSE > 24)
who underwent AB PET imaging (133). Comparison of
baseline and two-year follow-up SUVTr levels revealed
that subjects who were A positive at baseline showed a
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significant increase in SUVr, thus suggesting progressive
deposition of AP. On the other hand, subjects negative
for AP at baseline did not show increase in SUVr after
two years, thus suggesting lack of progression of AP
deposition. Out of 59 AP negative subjects at baseline,
there was transformation to AP positive SUVr levels
only in four subjects. The authors concluded that
SUVr may be a reliable and reproducible indicator
for monitoring changes in AB deposition. Subsequent
work has provided confirmatory evidence in support
of this conclusion (134, 135) and similar results are
being obtained with PET agents imaging tau (136, 137),
relevant to the precision administration of therapeutic
interventions targeting tau. It is possible that, like in
cancer, positive biomarker may not be the indication,
but rather a notion that the biomarker is dynamically
changing (biomarker trajectories in a patient) becomes
the indication for intervention. As such, it is possible that
some amyloid “positive” cognitively normal older adults
will be monitored over time to determine if amyloid
levels change and, at that point, intervention begins to
maximize the clinical impact of the drugs.

Accuracy in quantitation requires co-registration of
the nuclear image with an anatomic image like CT or
MRI. Most patients undergoing PET for neuropsychiatric
diseases will also receive an MRI scan as part of their
routine care, for instance to identify micro-hemorrhages.
Integrated MRI and PET scanners (bi-modal or multi-
modal high to ultra-high field hybrid scanners) allow
optimal co-registration of PET and MRI data for
correction for atrophy and partial volume effects, and
correction of patient motion (138). This combination of
biomarkers may also be useful at identifying combination
therapies. The technical development of scanner
hardware and integrated analysis tools (diagnostic
packages) is ever advancing.

Whether monitoring changes in AB deposition, or tau
in NFTs, or even inflammation can be useful in assessing
the efficacy of therapeutic regimens remains to be proven
in clinical trials of novel therapeutics but would enable
precision medicine by tailoring regimens per patient,
minimizing the risks of adverse effects, and mitigating
impact on healthcare budgets.

The regulatory perspective on precision
medicine

Precision medicine offers a promising vision on the
development of new drugs in areas with a high medical
need. Assuming that some drugs may act differently in
different patients, precision medicine is searching for
a relevant interaction between patient and treatment
leading to an improved efficacy or improved patient
safety in a given subgroup of patients, thus resulting
in a certain degree of treatment personalization. The
investigation of new treatments in a biomarker-defined
subpopulation has gained considerable attention during
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the last decade. Whereas the expectations regarding
tailor-made medicines are high in many therapeutic
areas, essentially cancer drugs have been successfully
approved in biomarker defined (guided) subgroups.

Precision medicine usually involves the exploration
of a predictive biomarker implying a positive treatment-
by-subgroup interaction. This interaction is usually
suggested by drug action and investigated in pre-clinical
research or in surrogate endpoints in early clinical phases
with the hope that biological and statistical interaction
are interrelated. Demonstration of a true (and relevant)
interaction with respect to the clinically relevant
endpoint, however, often remains a difficult task. On the
other hand, interaction on a specific statistical scale does
not necessarily imply that there is a biological interaction
but it may just be induced by the choice of the scale.

According to the usual regulatory paradigm, an
independent confirmation of a medicine’s efficacy in
the population to be treated in a generally large Phase
III trial, not relying on historical data, is essential for
drug approval. In that sense, drug approval calls for
the effectiveness and tolerability in the biomarker-
defined subgroup but not necessarily on a full proof of
the usefulness of the restriction to a limited population.
Even in drugs that have been approved in a biomarker-
restricted population, evidence of a truly predictive
biomarker that is capable to discriminate between the
group of patients benefitting from the drug and those
who do not benefit is still scarce. Often, clinical trials
with hard clinical endpoints are not powered to detect a
significant treatment-by-subpopulation interaction, which
is further complicated by the different additional sources
of variability. The presence of a variation from occasion
to occasion within a patient can hardly be identified
if multiple measurements per patient are difficult or
impossible to perform and may be confounded with a
patient-by-treatment interaction. The desired setting
implies patients with a high probability to respond to
treatment opposed to patients with a low probability
to respond. This setting, however, is not easy to be
distinguished from that of patients that all have an
intermediate probability to respond.

Therefore, much work is required to explore and
confirm reasonable predictive biomarkers. Validation of
predictive biomarkers on the basis of clinically relevant
endpoints may be rather challenging in AD. On the other
hand, early surrogate endpoints that could be used for
the evaluation of the biomarker-based patient selection
and are capable to predict the treatment effect in clinically
relevant endpoints, are not yet established. Thus, the
investigation of predictive biomarkers intended to define
a receptive population remains a challenge for future
research.

As in other therapeutic areas, the promise of
developing drugs that are highly effective in a well-
defined part of the respective patient population is of
critical need; however, justification of the selection is



challenging, requiring more evidence and a good
understanding of the underlying sources of variability.
However, the biomarker-guided therapy approach to
treating sub-populations of patients is well-established in
the cancer field. Additionally, there are many examples
in the cancer field where this approach drastically
reduced the time from drug development to clinical
use, which was completely due to the biomarker-based
implementation throughout the trial process. Therefore,
while challenging, there is an established model to
regulatory approval that can be followed.

Table 1. Terminology and evolving lexicon of precision
medicine

PMI Precision Medicine Initiative

PMI-CP Precision Medicine Initiative Cohort Program

SB Systems Biology

GWAS Genome-Wide Association Studies

NGS Next-Generation Sequencing

WGS Whole-Genome Sequencing

iPOP Integrative Personal “Omics” Profile

CDx Companion Diagnostic Assays

IOM Institute of Medicine

EASyM European Association of Systems Medicine

EPAD European Prevention of Alzheimer’s disease
Consortium

Ethical and societal considerations regarding
precision medicine

Precision medicine considers the impact of individual
variation at the level of genomics/epigenomics,
pharmacogenomics, transcriptomics, proteomics/
peptidomics, metabolomics/lipidomics, and neural
network systems on the differences in predisposition
to disease, pathophysiological mechanisms, and
response to drugs (139). For the benefit of patients with
cognitive decline and dementia disorders, it is hoped
that precision medicine in the field of neuroscience and
neurodegenerative diseases will at some point practically
deliver its’ groundbreaking assumptions and promises
(aimed at both prevention and treatment of disease).
However, the practical implementation of a precision
medicine-based approach for both pre-dementia and
dementia patients, raises — besides medical, scientific,
and organizational challenges — important ethical, legal,
political and social issues. All things considered, the
public acceptance of a new medical approach will be
clearly influenced by recipients’ estimation of benefits
and costs or risks involved.

First, the use of precision medicine in the field of
neurodegenerative diseases will fundamentally
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change our approach of “taxonomizing” simplified
(reductionistic) theoretical disease categories (ultimately
challenging a so far largely unchallenged and
uncontroversial definition of what is “normal” versus
“pathological”) (140) into a much more differentiated
and dynamic dimensional concept of genetically and
biological diverse subsets of defined pathophysiologies.
In this scenario, the classical categorical diagnosis based
on clinical late-stage phenotypes will likely shift to the
biomarker-based (guided) dimensional approach, which
will likely move healthcare solutions and spending
from inefficient “one-size-fits-all” treatment to more
effective and less risky and more economic customized
(tailored) personalized therapy and prevention (140,
141). However, the patient might choose to have genetic
and/or biomarker testings for early risk assessment
and detection of a potentially untreatable disease — like
some forms of neurodegenerative diseases and dementia
disorders — but, subsequently, decline to be informed
of the test’s results, ultimately posing serious ethical
decisions and more demanding and complex physician-
patient communication and agreement processes (139).
A second ethical issue raised by precision medicine
in the field of dementia is the potential disclosure of
individually sensitive information and data to
employers, banks, and insurance companies, possibly
leading to “genetic or biological” discrimination (139,
142). Another question concerns the issue of informed
consent and data rights in order to store and to make
use of patients’ data in large-scale databases (143) in
relation to confidentiality, security, privacy and
constitutional or legal personality rights. To this aim,
political stance and legal regulations will orient the way
privacy issue is addressed, towards a selective limited
access to anonymized data secured by a gatekeeper
and protected against re-identification (139) or towards
an Open Data model sustained by cryptographic
techniques as, for instance, the differential privacy
technique (144). Practices of security, transparency, and
accountability will take on extraordinary importance
in the implementation of precision medicine in the
field of neurodegenerative diseases and dementia
disorders. Altogether, major challenges of precision
medicine encompass scientific and technological issues,
security, and benefits of “omics” testing, development
of new technologies and assessment methods, related
ethical considerations, and socially related (economic,
educational, lifestyle) data collection and practice (140).
Paradoxically, the implementation of an individual-
centered model is clearly dependent on a large
international collective effort (140) involving various
stakeholders (researchers, caregivers, payers, regulators,
policy makers, governments, and citizens in general).
Unfortunately and inevitably in the beginning stage,
the variety of stakeholders having differentiated goals
and interests as well as different levels of scientific
literacy (145, 146) may lead to conflicts of interest
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Table 2. Issues related to precision medicine in which political, ethical and legal regulation needs to be achieved

Societal concerns raised by precision medicine

medicine
= Data governance Privacy * Data protection
- Who will make use of the data? Confidentiality Need for developing and improving anonymi-
- How the data will be used? zation methods including protection against
re-identification, safeguards and gatekeepers, and
= Data security cryptographic techniques in a privacy by design
How to prevent the disclosure of individually approach
sensitive information leading to “genetic or * Accountability in case of data leak
biological” discrimination? Need for developing response plans for cases of
privacy breach
= Blurred boundaries between politics and Communication * Science and health literacy

society

How to prevent misunderstandings due to
conflicts of interest between various stakehol-
ders?

» Blurred boundaries between research and
healthcare

How to adapt the physician-patient commu-
nication to novel goals and means of precision
medicine?

Ethical principles
challenged by precision

Informed consent

Requirements for societal acceptance

Need for accessible communication tools for all
stakeholders to discuss goals and means on a
“meta-level”, without excluding professional and
cultural (including legal) backgrounds (e.g. scien-
tists vs. non-scientists)

* Transparency

Need for willingness in the establishment of a
transparency culture

* Science and health literacy

Need for suitable communication tools for physi-
cians to adapt communication to the understan-
ding ability of the patient (particularly on indivi-
dual results, secondary and incidental findings)

* Transparency

Need for information tools on:

- benefits (including direct individual benefit and
societal welfare) and risks (including privacy
and confidentiality concerns) of participating in
research,

- difference between consent to research and
consent to healthcare

and misunderstandings in a complex societal and
multidisciplinary arena blurring boundaries between
research, healthcare, politics, and society. Further
advances in data analysis and interpretation tools are
necessary as well, so that information obtained through
tests and technologies can be properly transferred and
translated understandably to the primary care physicians
and the public. In the future application of precision
medicine, increasing attention needs to be given to these
diverse ethical issues, including cost-effectiveness and
social acceptability. An overriding concern remains,
however, that political, ethical, and legal regulations
are not being established, thus leaving problematic
grey zones (Table 2). A concerted effort is needed to
provide broad societal support for studies (including
studies in ethics), study participation and ultimately
implementation of precision medicine in the field of
neurodegenerative diseases, to finally enable universal
and personalized applications. Indeed, precision
medicine in neuroscience, neurology and psychiatry
is still a bold vision beyond the horizon of current
perception, it will require to integrate genomic and
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biological data with phenotypical, social, cultural, and
personal preferences and lifestyles to provide a more
individualized prevention and treatment of biological
mechanisms ultimately progressing to cognitive decline
and dementia but crucially considering ethical, societal,
political and public health perspectives (147).

Directions for AD biomarker research

Presently, considerable advances in discovery,
development, and validation of AD-mechanism related
biomarkers have paved the way for the novel era of
multimodal investigations integrating modalities and
different biological fluids (2, 148, 149). They result
from neurogenetics (150-152), structural / functional
/ metabolic neuroimaging as well as neurophysiology
(153, 154), neurochemistry using biological fluids
(155-157), namely CSF (158-160) and blood (plasma/
serum) (161-165). The longitudinal dynamics and
predictive performance of this multimodal approach
is not definitely established and should be examined



according to our expectation, in terms of sensitivity and/
or specificity, and their condition, i.e. in combination
or isolated (166, 167). Moreover, opinions of regulatory
agencies and industry stakeholders in AD biomarker
discovery area are constantly in discussion and
development (168-170).

Future perspectives — It is time to facilitate
precision medicine in neuroscience, neurology
and psychiatry

In order to swiftly advance the application of the
precision medicine paradigm (1) to a broader spectrum
of complex diseases (171), various governments around
the world are supporting the promotion of the Precision
Medicine Initiatives (PMIs). These are substantial efforts
that aim at generating the extensive scientific knowledge
needed to facilitate breakthrough progress in early
detection, prevention and therapy and integrate and
successfully utilize the model of precision medicine into
every day clinical practice (172, 173).

On January 20, 2015, U.S. President Barack Obama
announced a research initiative aiming at accelerating
the progress toward a new era of Precision Medicine,
the Precision Medicine Initiative Cohort Program
(PMI-CP) (available at https://www.whitehouse.
gov/precision-medicine) that is estimated to recruit a
research cohort of over one million U.S. citizens. This
population will be requested to give consent for extensive
characterization of biological specimens and behavioral
data, all interconnected to electronic health records.
The systematic collection of deep, big and complex data
will enable to perform observational studies of drugs
and devices and, potentially, facilitate more rigorous
interventional studies addressing specific questions (172,
173). Although focused at the first stage on a number of
important disease areas, such as cancer, this approach is
explicitly expected to target brain diseases such as AD as
well.

Cross-sectoral collaborations and interdisciplinary
research are supposed to elucidate our understanding of
how neurodegenerative diseases develop and to translate
emerging knowledge more efficiently into preventive
and therapeutic approaches. Some of the PMIs have
provision for work in the social and regulatory sciences,
and aim at engaging governments and broader publics
around technological development. The concept of
open and responsible innovation balances mandates for
regulation, investment, and promoting access to future
diagnostics and therapies in neurodegenerative diseases.
The successful development of the PMI-CP will need
the combination of well-established and innovative
technologies for both gathering and managing big,
deep and complex data (174). This will be accomplished
thanks to advances in information technology that have
provided significant reductions in the cost of data storage
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as well as comparable increases in analytic capabilities,
thus allowing the assembly and analysis of massive
clinical databases in biomedicine.

Finally, in addition to technological advances,
individuals and patients are now on the table with
scientists and clinicians, they have become active
participants and have increasingly become more engaged
in healthcare and health research, more connected
and organized through social media, and even more
“impatient” as they are eagerly looking for better
treatments for both themselves and people they care.
Researcher engagement with patients, caregivers, and
advocacy groups to collect patient-related genomic and
SB information (Figure 1) and outcome measures can
be employed to increase the success of clinical trials, to
enable a proactive discussion with regulatory agencies,
to help the definition of therapeutic value, and to
ensure that PMIs can address patients’ needs. These
aspects indicate a cultural, ethical and conceptual shift
critically important for the success of precision medicine.
However, coverage and payment decisions for any
advanced diagnostic and therapy for neurodegenerative
diseases, such as AD, need to be based on available
medical evidence of positive health outcomes and relative
costs (175). Definitively, the use of adequate resources
and a sustained commitment of time, energy, knowledge,
and expertise from the scientific and biomedical
communities will allow to progressively embrace the full
potential of precision medicine.
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