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Synopsis
Alzheimer’s disease (AD) affects millions worldwide. Currently, there are no treatments that prevent
or slow AD. Like other neurodegenerative diseases, AD is characterized by protein misfolding in the
brain. This process and associated brain damage begins years prior to the substantial
neurodegeneration that accompanies dementia. Studies utilizing new neuroimaging techniques and
fluid biomarkers suggest that AD pathology can be detected pre-clinically. These advances should
enable novel clinical trial design and early mechanism-based therapeutic intervention.

AD begins as a pathological process years before the onset of dementia

With the emergence of disease-modifying strategies for the treatment of AD, impetus to
diagnose the condition in its early “preclinical’ stages — before significant brain damage occurs
— has intensified. Fortunately, advances in technology and in our perspective on what defines
AD may soon make such antecedent diagnosis possible.

Since their first description in 19071, ‘senile’ plaques and neurofibrillary tangles (NFT) have
remained the hallmark histopathological features of AD, and are employed by three sets of
diagnostic histological criteria (Khachaturian, CERAD, and NIA/Reagan) 2-4. Historically,
they have also been associated with the dementia caused by the disease. It is clear, however,
that these lesions begin to accrue in significant amounts in many ‘cognitively normal’ elderly
individuals®. To reconcile these incongruent inferences/observations, several tacit hypotheses
have been spawned that persist even today: (1) that AD cannot be diagnosed in the absence of
cognitive impairment/dementia, (2) that plaques and NFT increase in healthy aging, and (3)
that AD and aging can be distinguished by quantitative (rather than qualitative) assessment of
plaque and NFT burden®. Nevertheless, a growing body of evidence now supports a different
philosophy regarding the onset of AD: independent of cognitive status, amyloid plaques and
NFT actually define (but do not fully represent) the disease process, which also involves
inflammation as well as neuronal, axonal, and synaptic loss and dysfunction.
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Consistently, neuropathological studies involving large numbers of non-demented subjects
have identified significant AD pathology in the brains of older individuals’- 8. Neocortical
cerebral amyloid deposits have been identified in approximately 50% of brains from
individuals over 758. In contrast, the prevalence of AD dementia does not reach 50% until age
85 or more?. It appears that the onset of very mild dementia is correlated best not with plague
or NFT burden, but with significant synaptic and neuronal loss®: 10, Together, these data
support the concept of “pre-clinical” AD, a phase during which plaques, and subsequently,
NFT, accumulate for ~10-15 years before the synaptic and neuronal loss they accompany
manifest as cognitive decline (Fig. 1) 8. This concept fits with genetic, biochemical, and animal
model data which demonstrate that the aggregation of the amyloid-$ (Ap) peptide plays a
necessary rolell, especially in the preclinical phase of AD, and that tau aggregation, which
occurs in bulk later, drives neurodegeneration just prior to and during the clinical phase. Given
these points, we are ready to consider the significance of proposed biomarkers in their proper
pathophysiological context. However, a point of clinical context must also be addressed.

The early clinical manifestations that are believed to be due to AD (decline in memory and
executive functioning) are referred to in different ways by clinicians. Some report this
syndrome as very mild dementia of the Alzheimer typel2. Others prefer the term mild cognitive
impairment (MCI)13. A combination of clinical methods, laboratory tests, and cognitive testing
are utilized to most accurately determine the presence or absence of cognitive impairment and
its cause (Box 1). As many of the biomarkers that provide insight into the underlying pathology
of AD are not yet used in day-to-day patient care, these diagnoses reflect attempts to describe
clinical syndromes in the absence of definitive proof of the underlying pathology. While
diagnosis, prevention, and treatment of dementia are of ultimate importance, the goal of
biomarker research is to identify and monitor the underlying pathology and suggest prognosis.
Itis important to note up front, that while this review focuses on biomarkers, the use of genetics
combined with biomarkers will likely provide additive diagnostic and prognostic information.
Detailed discussion of genetics of AD is beyond the scope of this review. The most up to date
information of AD genetics can be found at the Alzheimer Research Forum
(http:/lwww.alzgene.org).

Imaging atrophy and aggregates of amyloid-B and tau

Although cellular resolution has not yet been achieved, recent advances in functional and
molecular neuroimaging have provided insights into brain structure and physiology, allowing
for the study of specific proteins and protein aggregates in ways that are difficult or impossible
to achieve at autopsy. Moreover, neuroimaging biomarker studies can immediately correlate
data with structure and (dys)function.

The characteristic patterns of cortical and hippocampal volume loss in advanced AD are well
known but difficult to quantify with precision at postmortem examination. Atrophy is
particularly difficult to measure in the early stages of AD, when it superficially resembles the
inconspicuous volume loss commonly observed among elderly individuals without
neurodegeneration (so-called ‘healthy’ aging). Distinguishing such subtle differences is not a
problem for high resolution quantitative magnetic resonance imaging (MRI). Applied
longitudinally, this technique can distinguish the global atrophy rates of healthy aging vs. AD
14 and predict progression from normal cognition to MCI15 and MCI to AD on the basis of
regional volume losses and ventricular expansion over time (Fig. 2b,c)16. However, atrophy
and cognitive decline occur in most neurodegenerative disorders, and while volume changes
in certain brain regions may be suggestive of, or consistent with, AD, they do not reveal the
underlying pathology.
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Patterns of plaque and NFT formation in AD have been thoroughly studied. Until recently,
however, antemortem examination of these pathological changes has been nearly impossible.
Within the last decade, a number of radiological contrast compounds have been developed that
specifically bind and highlight pathological structures in the CNS, including amyloid plaques,
neurofibrillary tangles, activated microglia, and reactive astrocytes.

So far, five compounds ([18F]JFDDNP, 18F-BAY94-9172, 11C-SB-13, 11C-BF-227, 11C-PIB)
have been reported as probes for imaging amyloid plagues in humans. One of these, [8F]
FDDNP, may be retained by neurofibrillary tangles 17, but no agent that selectively binds to
aggregates of tau has yet been described. Such a discovery would be a major advance for
molecular imaging.

Of the amyloid-binding compounds, 11C-PIB, short for “Pittsburgh Compound-B”, has been
the most extensively studied and applied in AD research. Uptake of PIB can be measured by
positron emission tomography (PET). Inindividuals with AD, increased retention of PIB shows
a very specific pattern that is restricted to brain regions typically associated with amyloid
deposition (Fig. 2b,c)!8. Interestingly, an appreciable number of cognitively normal individuals
over age 60 show a PIB signal pattern indistinguishable from that of AD subjects, suggesting
that PIB PET can detect a preclinical stage of AD°. When PIB PET and levels of CSF AB4»
peptide were measured at the same time in individuals ranging from the cognitively normal to
those with AD, it showed two discrete groups: PIB-‘negative’ individuals, and PIB-‘positive’
ones. Without exception, the “positive’ PIB group had low CSF Ay, levels (Fig. 2a)20. This
finding is consistent with the idea that soluble ABy> is retained in the brain once plaques are
formed. Larger longitudinal studies of cognitively normal subjects, comparing those with
amyloid to those without amyloid, will be required to evaluate whether the presence of amyloid
confers a greater risk of “conversion” to dementia.

Complementing these radiological studies of amyloid deposition, other PET labeling agents
have been developed to image inflammation as reflected by activated microglia and reactive
astrocytes that surround plaques. Among the changes that microglia undergo upon activation,
increased expression of the peripheral benzodiazepine receptor has been exploited as a target
for radiological compounds [11C]-DAA11062, [11C]-vinpocetine?? and [11C] (R)-PK11195.
Only the third compound has been reported in human AD studies, in conjunction with PIB. In
these studies of individuals with MCI or AD, PK11195 and PIB signals showed similar
anatomic patterns, but their levels did not show regional correlation23; among AD subjects,
there was an inverse correlation between PK11195 signal and cognitive performance. These
findings suggest that microgliosis occurs concomitantly with amyloid deposition and may play
a direct role in cognitive dysfunction. However, better imaging agents are needed to visualize
microglial activation in AD. Like microglia, astrocytes show changes upon association with
plagues, including elevation of monoamine oxidase B activity?4, but studies employing MAO-
B inhibitors as radiotracers in AD are just emergingZ®. Larger studies will be needed to
understand whether imaging inflammation may inform subject selection for clinical trials,
contribute to predictions of prognosis, and allow monitoring of response to therapy.

Watching the mind at work

Neurons of the medial temporal lobe (MTL) and hippocampus are particularly susceptible to
loss in AD, and their loss appears to coincide with the onset of clinically significant cognitive
impairment. Functional MRI (fMRI) is believed to provide a measure of synaptic activity.
Accordingly, the MTL memory system appears to show hypoactivation by fMRI in the clinical
stages of AD. However, these same structures appear to show hyperactivation in MCI, when
memory is only mildly impaired, and neuronal loss is less severe; this increased activity may
represent an attempt to compensate for functional inefficiencies2S.
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Although the MTL memory system appears to be selectively vulnerable in AD, other regions
of the cortex (e.g. posterior cingulate, precuneus, temporo-parietal, and medial frontal) also
experience amyloid deposition, gliosis, and atrophy during the long preclinical phase (Fig. 2)
27. Accordingly, these cortical regions also show abnormalities in MCI and mild AD by fMRI
26 and SPECT (single photon emission computed tomography, which measures regional blood
flow) that can be used to predict progression from MCI to AD%8,

As might be expected for brain regions that display atrophy, neuronal loss, and reduced
perfusion, these cortical regions also show evidence of reduced glucose metabolism in AD, as
measured by fluoro-deoxyglucose (FDG)-PET (Fig. 2b,c)27. Additionally, although its
accuracy has not been thoroughly compared to other biomarkers assessed in the same subjects,
FDG-PET has been reported to predict conversion from cognitive normalcy to MCI 29 and
from MCI to AD30. Additionally, FDG-PET has been used to demonstrate the effects of
pharmacological agents, correlated with level of cognitive impairment3!. Therefore, these
imaging measures of synaptic activity (fMRI), perfusion (SPECT), and glucose metabolism
(FDG-PET) may serve as biomarkers to guide diagnosis, predict and monitor progression, and
might be used in the future to evaluate responses to therapy.

The Default Network

Although imaging studies have contributed tremendously to our understanding of AD by
comparing AD subjects and age matched controls, valuable insights into AD pathophysiology
have also arisen through the study of young, healthy volunteers. In 2001, reflecting on
numerous functional imaging studies over the past four decades, Gusnard and Raichle
published their hypothesis of a “default” mode of human brain activity32 that is engaged during
internally focused tasks such as remembering past events, imagining the future, and considering
the perspectives of others (comprehensively reviewed in33). In 2005, Buckner and colleagues
demonstrated the remarkable correlation between the neuroanatomic substrates of the default
network (MTL and hippocampus, medial prefrontal association cortex, posterior cingulate
cortex, retrosplenial cortex, inferior parietal cortex, lateral temporal lobe) and the anatomic
distributions of amyloid deposition, atrophy, glucose metabolism, and blood flow in AD (Fig.
2¢)?7. The authors suggested that young adult activity and metabolism patterns might be
conducive to amyloid deposition in AD. Indeed, Ap production is dependent on synaptic
activity34 35 and those regions of the default network that show high resting metabolism are
also those that are most affected in AD. It seems clear that any substantive insight into the
etiological connection between default network metabolism and AD pathology will contribute
seminally to our understanding of AD.

AB and tau as AD Biomarkers

Short of brain biopsy or directly placing a microdialysis catheter into the brain38, CSF and
plasma represent the most direct and convenient means to study the biochemical changes
occurring in the CNS. Therefore, these fluids are the most attractive resources for ongoing AD
biomarker research. Implicated by biochemical and immunohistological studies of AD brain
tissue, the major protein constituents of the pathology of AD (Ap40, Ap42, tau, and
phosphorylated forms of tau [p-tau]) have emerged as the current leading diagnostic and
prognostic fluid biomarkers.

AP is a secreted peptide of unknown physiological function that is cleaved from the amyloid
precursor protein (APP) by the sequential activities of beta- and gamma-secretase enzymes.

The majority of A is produced in the brain, but it effluxes into the CSF and plasma, appearing
at relatively high and low levels, respectively. AB occurs in multiple forms ranging from 38 to
43 amino acids in length. Among these, AB40 is the most abundant species, but Ap42 appears
to be essential for initiating Ap aggregation, and is considered central to the amyloid cascade
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hypothesis of ADL, Likely reflecting their roles in the pathogenesis of AD, Ap42 has emerged
as a more useful biomarker for AD than its shorter counterpart, Ap40.

Although the finding is initially counter-intuitive, mean CSF Ap42 is significantly reduced in
AD subijects relative to age-matched controls (Fig. 3b)3; this phenomenon is thought to result
from deposition of the peptide in plaques, preventing its transit from the brain into the CSF
(the “amyloid sink’ hypothesis). In support of this hypothesis, comparisons of antemortem CSF
AP42 levels with PET PIB scan results or postmortem measurements of brain AB load show
that virtually all individuals with fibrillar Ap deposits have low concentrations of CSF AB42,
independent of cognitive status (Fig. 2a) 20: 38: 39, Thus, CSF AB42 may serve as both a
diagnostic biomarker for AD and a surrogate biomarker for amyloid deposition.

The utility of CSF AB42 may not end with diagnosis and surrogacy, however. In several
longitudinal studies, especially when combined with CSF tau or p-tau, CSF Ap42 has exhibited
a capacity to predict progression from cognitive normalcy or MCI to MCI/DAT (Fig. 3c)
40-42 | ow CSF AB42 may also serve as a harbinger of amyloid deposition itself; recently, we
have identified a unique class of individuals who demonstrate low CSF AB42 but show no
evidence of amyloid on PET PIB scans (Fig. 2a)38. One of these individuals recently came to
autopsy and demonstrated widespread diffuse — but minimal fibrillar— amyloid plaque deposits
(N. Cairns, A. Fagan, and D. Holtzman, unpublished observations). Thus, CSF Ap42 may have
utility as a biomarker for diagnosis, plaque burden, and prognosis, and indeed, may provide
the very earliest clue to identify preclinical AD (as defined by the emergence of Ap deposition).

Plasma Ap42’s utility as a biomarker for AD is less compelling. Indeed, levels of AB42 in CSF
and plasma show no apparent correlation 38: 43: 44, Some studies suggest that the ratio of plasma
APB40/AB42 are somewhat predictive of conversion from cognitively normal to MCI and AD
45,46 Nevertheless, the plasma Ap markers do not appear to approach the predictive value of
CSF AB42.

Tau is a cytosolic protein predominantly expressed in neurons, wherein its primary function
appears to be regulation of microtubule stability within the axon. This function is regulated by
several different post translational modifications, principally phosphorylation of numerous
serine and threonine residues. In AD, hyperphosphorylated tau often fills the dystrophic
neurites of neuritic plaques, and is the principle component of the paired helical filaments that
constitute NFT (Fig. 3a). The precise forms of tau that appear in the CSF, and the mechanism
(s) by which they arrive are not entirely understood, but recent studies*’ demonstrate that
virtually all domains of the protein are represented, and it is widely assumed (but not proven)
that the major sources of tau and phosphorylated tau (p-tau) in AD CSF are neuronal injury/
death and neurofibrillary tangles.

Like Ap42, tau and p-tau have emerged as important CSF biomarkers for AD. Mean tau and
p-tau levels are higher in the CSF of AD subjects relative to age-matched controls (Fig. 3b)
48. These increases appear in the setting of formed fibrillar amyloid deposits3? (consistent with
the amyloid cascade hypothesis), and correlate with both neuritic plaque density and Braak
NFT stage3°. With Ap42, tau and p-tau show utility as prognostic biomarkers for “conversion”
or progression to dementia from cognitive normalcy or MCI (Fig. 3¢)#0-42,

Together, these studies suggest that longitudinal measurements of CSF AB42 and tau may
allow clinicians to monitor and even predict the progress of AD pathology throughout its entire
course. Of course, the pathophysiology of AD involves many more processes than Ap
deposition and NFT formation. APP is cleaved by beta and gamma secretase complexes. Once
released as monomers, AB may form oligomers that are cytotoxic and/or neuromodulatory. To
form plagues, A mustaccumulate. Once A forms oligomers and amyloid deposits, microglial
cells become activated and migrate towards plagues as they form*9. Astrocytes become
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reactive, and numerous inflammatory mediators, signaling molecules, oxidative processes,
complement cascades, and modulators of protease and protein folding activities are released.
Dendrites and axons in the vicinity of plaques become dystrophic as transport processes
malfunction. Brain metabolism changes?’, and amyloid deposits in vessel walls. In addition to
NFTs, neurons show many other changes. Synapses are lost. Neurons die. Each of these
changes —and others not mentioned and not yet recognized — may represent a therapeutic target,
and may also cause changes in the composition of the CSF and plasma. Recognizing this
potential, many research groups continue to search for other fluid biomarkers that may
complement or improve the well-established utility of CSF AB42 and tau.

Oxidative Stress and Inflammation

Increasing evidence implicates oxidative damage as a mediator of toxicity in AD. By-products
of lipid peroxidation (isoprostanes) and RNA oxidation (8-hydroxy-guanine) have shown the
most promise as biomarkers. Produced by free-radical mediated peroxidation of
polyunsaturated fatty acids, isoprostanes in CSF are increased in AD% 51, and may predict
development of MCI and AD52. The utility of plasma isoprostanes as biomarkers for AD is
less promising; some53 but not all studies®* have found elevated levels in AD versus controls.
One other oxidative marker, 8-hydroxy-guanine, representing oxidized RNA, has been
reported to be elevated in AD CSF in one small study®® and is worthy of further research.

Inflammation, represented by plaque-associated microglia and astrocytes, is also implicated in
AD pathology. In addition to any immediate role these inflammatory cells may play, their
secreted products — including acute phase proteins such as o-1-antichymotrypsin (ACT)®® and
a-2-macroglobulin («2M)57,activated factors of the classical pathway of complement58, and
cytokines such as IL-1f and TNF-a — persist within plaques. Although the contribution of these
deposited inflammatory mediators to the pathophysiology of AD is not entirely clear, there is
evidence to suggest an important role.

Appearing in CSF in proportion to cognitive impairment, ACT has emerged as a potential
biomarker for AD 59 though its utility in plasma — and that of a2M — remains unclear5962.
By comparison, fluid biomarker studies of complement factors (C3a and C1q) have been
inconclusive %3 64, as have more traditional fluid biomarker studies of cytokines65.

In contrast, supporting a role for cytokines in AD, several groups have measured their
spontaneous production by mononuclear cells obtained from the peripheral blood (PBMC:s).
This approach is relevant to AD because perivascular macrophages and microglia derived from
circulating monocytes may participate in intraparenchymal inflammation in the brain®. In one
report, PBMCs isolated from AD subjects produced larger amounts of cytokines than PBMCs
from controls67; in another study of over 600 participants, increased PBMC production of
either IL-1p or TNF-o was associated with increased hazard ratios for developing AD65.

Other recent work, measuring 120 signaling proteins in plasma, suggests that sporadic AD may
be accompanied — and diagnosed at very early stages — by a systemic inflammatory state
characterized by a panel of 18 signaling molecules®8. If confirmed, this biomarker
discovery®® demonstrates the potential power of multiple biomarkers incorporated into a panel
to diagnose AD accurately, and also illustrates the value of a less-targeted, ‘unbiased,’ high-
throughput approach to biomarker discovery.

Proteomics

Ongoing advances in mass spectrometry and protein handling technology continue to broaden
the methodological diversity and increase the sensitivity of proteomic analyses; as many as
several thousand proteins can now be measured in a sample of human CSF. Complementing
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the “directed’ fluid biomarker investigations discussed above, several groups have pursued
‘unbiased’ proteomics to discover novel AD biomarkers empirically in CSF61: 69-71,
Employing different techniques, these studies have generated multiple lists of candidate
biomarker proteins that show individual and collective ability to ‘recognize’ and classify
samples appropriately. A comprehensive discussion of these proteomic studies is beyond the
scope of this review; however, a few observations are worthy of note.

First, the wide array of proteins that distinguish the AD CSF proteome reflect the pathological
changes already known to occur in the AD brain. Therefore, novel candidate biomarkers
without known relevance to AD may provide clues into pathophysiological processes that are
underappreciated or are not yet recognized. Second, in our experience, post translational
modification — in particular, limited proteolysis in vivo — appears to be common among CSF
proteins showing differential abundance in AD. Yet, when proteins are identified by mass
spectrometric evaluation of trypsinized fragments, such modifications may be overlooked. This
issue has received relatively little attention, despite its critical importance to the design of
assays that might be used in validation experiments for these biomarkers. Third, and finally,
most proteomics studies reported to date have compared individuals with AD to age-matched
non-demented controls (or to those with non-AD dementias), and are therefore designed to
identify diagnostic biomarkers. To advance predictive or surrogate biomarker discovery using
the power of unbiased proteomics, more studies should compare groups of AD subjects that
differ by rate of progression, presence of amyloid and tau deposits, or other relevant
characteristics.

CNS protein metabolism and development of novel treatments

As treatments that target the production or clearance of specific molecules involved in the
pathophysiology of AD come to clinical trial, the capacity to monitor relevant fluid biomarkers
metabolism before, during and after drug administration would be very helpful for verifying
treatment effect and optimizing dosage. To this end, a new in vivo technique has been
developed to measure the production and clearance rates of CSF proteins in human subjects.
In this technique, a stable (non-radioactive) isotope—labeled amino acid (e.g. 13Cg-leucine) is
administered intravenously, and becomes incorporated into newly synthesized proteins. CSF
and plasma are sampled via intrathecal and intravenous catheters. Using mass spectrometry
(LC-MS/MS) to compare labeled vs. unlabeled protein over time and/or at different doses of
a candidate therapeutic agent, very precise synthesis, clearance, and dose-response curves can
be developed. This technique was first applied to determine the synthesis and clearance rates
of A in the CNS’2, and was used more recently in a randomized, double-blind, placebo-
controlled study to demonstrate the pharmacokinetic/pharmodynamic relationship between an
AP synthesis inhibitor and the absolute rate of CNS AP synthesis73. The potential of this
technique is that it automatically labels all newly synthesized proteins when utilizing the
appropriate precursor; as such, it should allow for evaluation of other proteins relevant to AD
(and other neurodegenerative diseases) and the metabolism of multiple biomarkers
simultaneously.

Future Directions

Advances in technology, knowledge and perspective now promise the tools to diagnose,
monitor, and predict the course of sporadic AD, even before clinical symptoms begin. Equally
important: parallel advances promise treatments for AD that will make such information far
more valuable. Nevertheless, achieving these goals will require a great deal more work. More
effective radiographic biomarkers are needed to monitor CNS inflammation and tau pathology,
as well as other neurodegenerative features. Likewise, fluid biomarkers that can distinguish
AD from other dementias and can provide even better prognostic information are needed. Once
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identified, biomarker assays must be standardized in forms that are amenable for use in existing
clinical laboratories, and evaluated in suitably large sample sets. To facilitate such biomarker
validation studies and provide sufficient statistical power, longitudinally-followed cohorts of
study participants (including individuals with non-AD dementias), complete with uniformly
collected and stored specimen collections, must continue to grow in size and number; a
successful example of this is the AD neuroimaging initiative (ADNI). Finally, once this work
has identified a satisfactory panel of antecedent AD biomarkers, and one or more effective
treatments for AD has been approved, appropriate clinical guidelines must be developed to
support and encourage widespread clinical testing.

In the more distant future, we may be able to evaluate risk for AD even earlier in life. Just as
biomarker data from well-characterized, longitudinally-followed cohorts of study participants
may be interpreted to guide diagnosis, estimate prognosis, and monitor response to treatments,
they will also be used to identify genetic markers that are associated with particular biomarker
values. In comparison with genetic studies of AD that rely on less precise diagnoses that are
clinically based, genetic studies based on quantitative endophenotype data can provide greater
statistical power’4. Indeed, quantitative biomarker data has already been used with success in
genetic studies of AD. Elevated CSF tau and p-tau levels have been found to associate with
single nucleotide polymorphisms (SNPs) in the MAPT gene (from which tau protein is
produced). Likewise, CSF Ap levels have been found to associate with polymorphisms in
several genes’4. In this way, by “converting” endophenotype data derived from fluid and
imaging biomarkers to novel genetic biomarkers, it may be possible to identify individuals at
greater risk of developing AD and, in the near future, provide treatment options even before a
single plaque has formed.

Box 1. Assessment of cognitive impairment and dementia

Dementia is an acquired syndrome in which there is a decline in memory and thinking that
is sufficient to interfere with everyday performance. Some individuals demonstrate deficits
either in memory alone or in memory and other cognitive domains that are indicative of an
abnormality but are not yet severe enough to be termed “dementia”. Most people who go
on to develop dementia go through a transitional stage that some term very mild dementia
and others term mild cognitive impairment (MCI) or ‘cognitively impaired no

dementia’ (CIND). There are many different entities which can lead to cognitive impairment
and dementia, including a variety of neurodegenerative disorders, vascular damage,
infections, tumors, and other causes. AD is the most common cause of cognitive impairment
and dementia in people over the age of 65. Determination that acquired cognitive
impairment or dementia is present, and diagnosis of its likely cause, is based on clinical
history (especially from a reliable informant), neurological and psychiatric examinations,
and certain laboratory tests. The assembled information allows assessment of whether an
individual’s faculties have declined relative to their past abilities (intra-individual change)
and can be used for determining the level of dementia (very mild, mild, moderate, or severe)
as well as the most likely diagnosis.

Formal cognitive testing can aid these determinations, and is particularly useful for clinical
situations in which cognitive symptoms and signs are subtle or confounded by other medical
factors such as depression. A variety of neuropsychological tests can be used to accurately
assess the different cognitive domains, including orientation, intellect, language, memory,
attention, concentration, executive function, visual/perceptual abilities, sensorimotor
function, mood, and personality’®. Serial neuropsychological evaluations are also very
useful for tracking the progress of an individual over time relative to an established baseline.
Currently, the diagnosis of dementia due to AD can only be confirmed with certainty at
autopsy. However, many of the biomarkers reviewed herein, when utilized together with
clinical evaluation and cognitive testing, can assist with differential diagnosis and
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prognosis. To determine the presence of diseases such as AD prior to the emergence of
cognitive impairment or dementia as detected through neuropsychological testing or by
clinicians, antecedent biomarkers will be required.
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Figure 1. Biomarkers and AD: proposed changes in biomarkers in relation to time course of
pathological and clinical stages

The clinical stages of AD, marked by progressive dementia described as “very mild/mild
cognitive impairment’ (MCI), ‘mild,” ‘moderate,” and ‘severe,” correspond with Clinical
Dementia Rating (CDR) scores of 0.5, 1, 2, and 3, respectively (see bar below plot). These
stages are associated with abundant amyloid plaques (red line), the gradual accumulation of
neurofibrillary tangles (blue line), synaptic and neuronal loss in certain brain regions (green
line). In the “preclinical’ stage of AD, AB42 peptide forms amyloid plaques in the brains of
non-demented individuals (CDR 0) for approximately 10-15 years, and damages neuronal
processes and synapses. Eventually, dramatic neuronal losses occur in association with
dementia onset. AD biomarker research seeks to measure changes in the structure and function
of the brain (e.g. atrophy, regional activity changes and hypometabolism, amyloid plaque and
NFT formation, microgliosis, inflammation, oxidative stress) that might be useful for diagnosis
and prognosis during this “preclinical’ phase of AD, before irreversible neuronal loss occurs.
These changes can be measured by radiological imaging modalities (e.g. computed tomography
[CT], magnetic resonance imaging [MRI], functional magnetic resonance imaging [fMRI], and
positron emission tomography [PET] with various imaging contrast agents) and/or by
biochemical examination of cerebrospinal fluid (CSF). The most promising biomarkers to date
are listed above the plot in chronological order from bottom to top according to the earliest
stage of the pathological process at which they seem to show utility. A reduced concentration
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of CSF AB42 may provide the earliest definitive evidence of AD pathology in the brain. Genetic
variations (e.g. single nucleotide polymorphisms [SNPs]) may also be considered biomarkers
that allow the earliest possible estimation of risk. PIB, Pittsburgh compound B. (Modified,
with permission, from Craig-Schapiro R., et al., Biomarkers of Alzheimer’s Disease,
Neurobiol. Dis., 2009;35(2):128-140).
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Figure 2. Imaging biomarkers

A, Relationship of PIB PET to CSF AB42 levels in cognitively normal individuals. Subjects
with mean cortical PIB binding potentials > 0.16 (calculated from an average of PIB retention
in the prefrontal cortex, the lateral temporal cortex, the precuneus and the gyrus rectus, divided
by PIB retention in the cerebellar cortex) are considered ‘positive’ and uniformly have low
CSF Ap42 (<500pg/mL); PIB “negative’ subjects with low AB42 may have non-fibrillar
(diffuse) Ap42 deposits that do not retain PIB; whether this latter group will be more likely to
develop dementia than PIB ‘negative’ subjects with high CSF Ap42 is not yet known. B, Axial
(horizontal) view of AD brain, imaged to quantify amyloid (PIB PET, above), annual rates of
regional atrophy (Quantitative MRI, middle), and hypometabolism (FDG PET, below) in
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relation to disease severity. The intensity of the PIB binding potential is depicted using a color
scale (approximated by the colors in A) in which red reflects greatest PIB retention, and black
and dark blue reflect least PIB retention. The regional extent of atrophy is depicted
colorimetrically, with rates ranging from 0.4% per year (dark blue) to 1% per year (yellow/
green). Regional hypometabolism is also depicted colorimetrically, with red and yellow
representing greater and lesser hypometabolism, respectively. The units of this scale reflect
the slope of the regression between hypometabolism and dementia severity as measured by
mini mental status examination; high slope suggests a steeper decline in metabolism in relation
to decreasing cognitive ability. C, Illustrations of left hemi-brain surfaces (medial, left; lateral,
right), allowing comparison of averaged anatomic signal maps for amyloid (top), atrophy
(second from top), hypometabolism (third from top), and ‘default network’ activity (bottom).
Regional amyloid load (PIB binding potential) is depicted as percentage increase of PIB
binding potential over that of the brainstem, ranging from 5% (red) to 40% (yellow/white).
Colorimetric scales for atrophy and hypometabolism are as in B. The color scale for regional
default-network activity shows the degree of association, ranging from greatest association
with default-network activity (light blue) to least statistically significant association (darker
blue). (Panels A and B [top view]: modified, with permission, from ref. 21.; panels B
[remaining views] and C: modified, with permission, from ref. 27).

Nature. Author manuscript; available in PMC 2010 October 15.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Perrin et al.

Page 17

%=

A

T i Astrocytes -3
| _ Complement k-
|

Microglia g /

N

N |
N |

N

Dystrophic —

) neurites

S 2
|

CSF AB,, - CSF tau
1400 r ® 1.07
£
E
. 1200 2 081
i 1000 o
A -l ‘€ 0.6
S g
o : g 047
500 &
o 2 0.21
0 £
o L 0 1 2 3 4
0
Years since baseline clinical assessment
Controls AD Controls AD

Figure 3. Fluid biomarkers

A, Abridged schematic histological representation of fluid biomarkers in relation to AD
pathology. Produced by neurons, AB42 becomes deposited in plaques, which activate
microglia. Microglia release cytokines (e.g. IL-1B, TNFa) that appear to cross the blood brain
barrier and also activate astrocytes, inducing production of a-1-antichymotrypsin (ACT) and
a-2-macroglobulin (a2M). Microglia and neurons also produce complement factors that can
be activated by AP aggregates, and cause synapse loss. Tau becomes hyperphosphorylated and
aggregates into neurofibrillary tangles (NFT) in neurons and dystrophic neurites around
plaques; its mechanism of release from neurons is uncertain. Lipid peroxidation in neurons
leads to isoprostane formation (not shown). Most factors entering the extracellular space
migrate into the CSF; Ap42 preferentially partitions into plaques. B, Representative data
demonstrating utility of CSF levels of AB42 (left) and tau (right) to distinguish groups of AD
subjects and age-matched controls — boxes represent 25th, 50th and 75th percentiles of the
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data; length of box is interquartile range; lower and upper whiskers represent the 25th and,
respectively, 75th percentiles plus or minus 1.5 times the interquartile range. (Reproduced,
with permission, from Sunderland, T., et al., Decreased beta-amyloid1-42 and increased tau
levels in cerebrospinal fluid of patients with Alzheimer disease. JAMA. 289,2094-2103 (2003)).
C, Ratio of CSF levels of tau and AB42 as predictors of conversion from cognitive normalcy
to MCl/dementia using Kaplan-Meier estimates of rates of conversion with a cut-off value of
1.15 (representing the top 15% of distribution values). More than 80% of subjects with low
tau and high Ap42 (tau/ Ap42 < 1.15; dashed line) remain cognitively normal four years after
baseline assessment; among those with high tau and low AB42 (tau/ Ap42 > 1.15; solid line),
approximately 30% remain cognitively normal. (Reproduced, with permission, from ref. 38).
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