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Abstract

The goal of this review is to provide an overview of biomarkers for Alzheimer's disease (AD),
with emphasis on neuroimaging and cerebrospinal fluid (CSF) biomarkers. We first review
biomarker changes in patients with late-onset AD, including findings from studies using structural
and functional magnetic resonance imaging (MRI), advanced MRI techniques (diffusion tensor
imaging, magnetic resonance spectroscopy, perfusion), positron emission tomography with
fluorodeoxyglucose, amyloid tracers, and other neurochemical tracers, and CSF protein levels.
Next, we evaluate findings from these biomarkers in preclinical and prodromal stages of AD
including mild cognitive impairment (MCI) and pre-MCI conditions conferring elevated risk. We
then discuss related findings in patients with dominantly inherited AD. We conclude with a
discussion of the current theoretical framework for the role of biomarkers in AD and emergent
directions for AD biomarker research.
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INTRODUCTION

Alzheimer's disease (AD) is the most common age-related neurodegenerative disease.
Characterized by progressive cognitive decline and dementia, AD affects more than 5
million individuals in the United States, most aged 65 or older, and that number is expected
to more than triple by 2050 (Alzheimer's Assoc. 2012). Currently no treatments effectively
target the underlying pathology associated with AD. Research and evaluation of potential
therapeutic targets are ongoing, and it is hoped that effective therapies that ameliorate or
prevent the effects of AD will be developed.

The goal of this article is to review current findings regarding the role of neuroimaging and
other biological markers (biomarkers) in AD, especially in the prodromal stages of disease,
such as mild cognitive impairment (MCI) and preclinical AD. In each section, structural and
functional magnetic resonance imaging (MRI) and positron emission tomography (PET)
techniques and nonimaging biomarkers [i.e., cerebrospinal fluid (CSF) measures] are
discussed. First, we briefly review the findings in patients with late-onset AD. However,
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because the emphasis of this review is on early indicators of AD, the majority of this review
focuses on findings in patients in the prodromal stages of AD. Thus, the next two sections
discuss neuroimaging and nonimaging biomarkers in patients with MCI and in preclinical
AD samples, respectively. Next, we examine findings from biomarker studies in patients
with dominantly inherited AD. Then, we explore the current theoretical framework for the
role of biomarkers in AD research that was proposed by Jack et al. (2010b). Finally, we
discuss new and future directions in the field of AD biomarkers. We emphasize findings
from large studies where possible, including consortium imaging studies such as the
Alzheimer's Disease Neuroimaging Initiative (ADNI). ADNI is designed to evaluate the role
of longitudinal neuroimaging measures (MRI, PET), CSF and blood-based protein measures,
neuropsychological and clinical testing, and genetic variation in detecting AD-related
biological changes, especially in prodromal stages, and predicting future disease
progression. Further information about ADNI can be found at http://www.adni-info.org and
in recent reviews (Aisen et al. 2010; Beckett et al. 2010; Jack et al. 2010a; Jagust et al. 2010;
Saykin et al. 2010; Trojanowski et al. 2010; Weiner et al. 2010, 2011). Results from other
large collaborative studies of AD, such as the Australian Imaging, Biomarker & Lifestyle
Flagship Study of Ageing and the Dominantly Inherited Alzheimer Network, are also
included, as they provide data from large samples about the utility of biomarkers, cognitive
measures, lifestyle factors, and genetics in the detection and development of AD.

Neuropathology of AD

AD is characterized by two neuropathological hallmarks: amyloid plaques and
neurofibrillary tangles (NFTs). Amyloid plaques are extracellular aggregations of the
amyloid-beta (AB) peptide that are found throughout the brain of AD patients. Recent
studies suggest that the accumulation of Af in late-onset Alzheimer's disease (LOAD) may
result primarily from imbalanced or ineffective A clearance rather than excess formation
(Mawuenyega et al. 2010, Sperling et al. 2011). AB oligomers are thought to be a major
neurotoxic species in the brains of patients with AD (Walsh & Selkoe 2007). Ultimately, AR
oligomers and soluble fragments become large fibrils, which further aggregate to form
insoluble deposits in the extracellular space, including small diffuse plaques and dense core
plaques, which are a hallmark of AD neuropathology. Insoluble AB plaques may also be
neurotoxic, although the mechanisms by which this occurs are still not fully understood.
NFTs result from the hyperphosphorylation of the microtubule-associated protein tau.
Hyperphosphorylated tau undergoes a conformational change preventing normal binding to
microtubules, resulting in destabilization of axons, impairment of axonal transport, axonal
degeneration, neuron dysfunction, and ultimately cell death. In addition, the
hyperphosphorylated tau forms insoluble filamentous structures that combine to create
paired helical filaments, a key component of the NFTs seen in the brains of patients with AD
(Igbal & Grundke-lgbal 2008). The underlying cause of this abnormal hyperphosphorylation
is currently unknown but is likely due to a disruption in the balance between the kinases and
phosphatases regulating tau phosphorylation (Igbal & Grundke-Igbal 2008).

The temporal relationship and direct link between amyloid plaques and NFTs are not
completely elucidated at this time. Current theories suggest that amyloid plaque formation
precedes NFTs, with amyloid accumulation occurring during a long preclinical period
lasting years to decades (Jack et al. 2010b) (Figure 1). However, the neurodegeneration,
synaptic loss, and cognitive symptoms seen in AD patients are more strongly associated
with the formation and extent of NFTs than with amyloid plaque deposition (Bennett et al.
2004). The current framework of AD development suggests that amyloid accumulation
initiates a pathological cascade resulting in the formation of NFTs and other pathologies
(Jack et al. 2010b). The formation of NFTs and toxic AP species (e.g., oligomers), as well as
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the initiation of other apoptotic cascades, leads to widespread neuronal injury and death and,
thus, the clinical symptoms associated with the disease.

The biochemical processes involved in AD development ultimately converge upon
widespread cell death and neuronal loss, likely through apoptosis. The stages of
neurodegeneration in AD are described in detail by Braak and colleagues (1993). The first
regions of the brain to show neuronal loss associated with AD are in the medial temporal
lobe (MTL), including the entorhinal cortex (EC), hippocampus, amygdala, and
parahippocampal cortex. Additionally, extensive degeneration of the cholinergic
innervations to the neocortex from the basal nucleus of Meynert and the medial septal
nucleus occurs early in the disease process (Braak et al. 1993). The next stage of
degeneration usually involves neuronal loss in the cerebral cortex, particularly in the lateral
temporal and medial parietal cortices, followed by atrophy of the lateral parietal and frontal
lobes. By the time a patient has reached a diagnosis of AD, neurodegeneration is usually
found throughout the neocortex and subcortical regions, with significant atrophy of the
temporal, parietal, and frontal cortices, but relative sparing of the primary occipital cortex
and primary sensory-motor regions (Braak et al. 1993).

Clinical Symptoms and Diagnosis

The earliest clinical symptoms associated with AD are a direct result of the brain regions to
first degenerate, namely the MTL. Memory impairments, particularly in episodic and
semantic domains, as well as deficits in language and executive functioning are common
symptoms early in the disease course (McKhann et al. 2011). Patients with mild AD also
show a significant impairment in daily functioning with disruption or cessation of the ability
to perform complex tasks associated with general life (e.g., balancing a checkbook,
workplace performance, and social activities). In moderate to severe AD, patients may show
an inability to function independently, with difficulties in even simple daily tasks, such as
feeding and dressing.

Clinicians and researchers have recently updated the AD diagnostic criteria for use in
clinical practice and research (McKhann et al. 2011). Currently, the diagnosis of AD is made
clinically, based on cognition and the relative impact of impairments on daily activities.
However, biomarkers (e.g., CSF protein levels, neuroimaging) may be used to rule out other
causes of dementia (e.g., vascular) and to support the AD diagnosis in cases with unclear or
atypical presentations. Attempts to diagnose AD at an earlier stage have led to the
development of a clinical syndrome termed mild cognitive impairment (MCI) (Petersen et
al. 1999). Recently, new criteria for diagnosis of MCI in clinical and research settings have
been published (Albert et al. 2011). A patient must have the following symptoms to receive
a clinical diagnosis of MCI: (a) concern regarding a change in cognition (by the patient, an
informant, and/or a skilled clinician); (b) impairment in one or more cognitive domains
(memory, executive function, attention, visuospatial, language) greater than expected for age
and education level; (c) preservation of independence in functional activities, meaning a
patient may show mild problems performing complex functional tasks but they should be
able to generally maintain their independence with minimal aid or assistance; and (d)
changes should be sufficiently mild so that there is no significant impairment in
occupational or social functioning (i.e., not demented). Currently, biomarkers (e.g., CSF
protein levels, neuroimaging) are used in the diagnosis of MCI only in clinical settings to
rule out alternative etiologies of cognitive impairment. However, diagnosis of MCI in
research settings may include the use of biomarkers to support the underlying cause of the
MCI and to predict the type and rate of future disease progression. Patients with MCI
typically show deficits in cognition that fall between 1 and 2 standard deviations below age-
and education-adjusted and culturally appropriate normative levels (Albert et al. 2011).
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More recently, researchers have proposed dividing MCI into an earlier stage [early MCI (E-
MCI)] and a later stage [late MCI (L-MCI)], with E-MCI patients showing a 1-1.5 standard
deviation cognitive deficit and L-MCI showing a 1.5-2 standard deviation deficit. This
classification has only recently been introduced, and future studies will help to elucidate
differences between these MCI subgroups. The most common presentation of MCI features
memory impairment (amnestic MCI). Executive impairments are also commonly reported
and can co-occur with other cognitive deficits (multidomain MCI) (Albert et al. 2011).
Amnestic MCI is widely considered to be a prodromal form of AD, as nearly 10% to 15% of
amnestic MCI patients convert to probable AD each year, relative to only 1% to 2% of the
general elderly population (Petersen et al. 1999).

Recently, researchers and clinicians have been attempting to detect AD-related changes and
predict progression even earlier than MCI (e.g., pre-MCI or preclinical AD). A recent article
presents a conceptual framework for identifying preclinical AD patients (Sperling et al.
2011). This framework was designed to categorize and conceptualize the presence of AD
pathology in seemingly healthy older adults. Approximately 20% to 40% of older adults
show extensive amyloid pathology with minimal or no clinical AD symptoms (Mintun et al.
2006, Sperling et al. 2011). A time lag of 10 to 15 years between the initial development of
AD pathology and the emergence of AD clinical symptoms is thought to be common (Figure
1). Thus, cognitively normal participants with AD pathology are considered to be at
increased risk for progression to clinical AD. Other researchers define preclinical AD
patients using other characteristics, such as subjective reports of cognitive changes (i.e.,
cognitive complaints), APOE genotype, and/or family history of dementia (Dik et al. 2001,
Saykin et al. 2006). All of these factors have been shown to be linked with increased risk for
future progression to AD (Corder et al. 1993, Jessen et al. 2010, Reisberg et al. 2010).

Biomarkers of AD

Early detection of AD is an important goal because future treatments will likely target
disease prevention or slowing of AD development rather than reversal of AD-related
neuronal damage. Therefore, these interventions would likely be maximally effective in the
prodromal stages of the disease (Figure 1). Sensitive and specific biomarkers of AD are
needed to detect patients in the early and preclinical stages of AD, to effectively monitor and
predict disease progression, and to provide differential diagnostic information for an
accurate diagnosis. Biomarkers are also important for clinical trials of new pharmaceutical
interventions to enrich the sample with patients most likely to progress to AD and monitor
the outcome of new treatments. Levels of AD-related proteins (e.g., AB4g, AB4o, total tau,
phosphorylated tau) measured from the CSF are commonly used as biomarkers in AD
research (de Leon et al. 2007, Shaw et al. 2009). Neuroimaging provides an excellent
noninvasive set of methods for measuring in vivo AD pathophysiology and brain atrophy
associated with MCI and AD, as well as for predicting disease progression, even in patients
with relatively minor or no cognitive impairments (e.g., preclinical AD patients) (de Leon et
al. 2007, Jack et al. 2010b, Weiner et al. 2011).

Neuroimaging Biomarkers

The two types of neuroimaging most commonly used as AD biomarkers include MRI and
PET. The most widely used neuroimaging technique to investigate structural changes and
neurodegeneration associated with AD in vivo is structural MRI. A number of studies have
investigated differences between AD patients, MCI patients, and age-matched healthy
controls (HCs) on measures of global and local brain volume, tissue morphology, and rate of
atrophy using both manually applied and automated techniques. Historically, manually
applied techniques were used to extract volumetric and morphometric characteristics,
including manual tracing of regions of interest (Jack et al. 1997) and medial temporal
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atrophy scores (Korf et al. 2004). More recently, automated techniques to extract volumes of
interest and cortical thickness values for numerous neocortical regions (Dale et al. 1999,
Fischl & Dale 2000), as well as semiautomated whole-brain morphometry techniques, such
as voxel-based morphometry (Ashburner & Friston 2000) and other techniques (Fan et al.
2008, Hua et al. 2008) that determine the density or volume of gray matter (GM), white
matter (WM), and CSF on a voxel-by-voxel basis, have been developed and utilized in
studies of brain aging and AD. More advanced structural imaging techniques, including
diffusion weighted imaging and diffusion tensor imaging (DWI/DTI), magnetic resonance
spectroscopy (MRS), and perfusion imaging have also been used to evaluate changes in
patients with AD and those in prodromal stages. DWI/DTI techniques measure the integrity
of WM tracts using two types of measures: (a) fractional anisotropy (FA), which reflects the
diffusion direction of water in the fiber tracts and is thought to be a general measure of
axonal integrity; and (b) mean diffusivity (MD) or apparent diffusion coefficient (ADC),
which measures the overall diffusivity. Reduced FA and increased MD/ADC are considered
to be markers of neuronal fiber loss and WM atrophy. MRS is a noninvasive technique
allowing the measurement of biological metabolites in target tissue that has been used in
studies of brain aging and AD. Two major metabolites that consistently show alterations in
patients with AD and MCI include N-acetylaspartate (NAA) and myo-inositol. Finally, two
MRI methods have traditionally been employed to measure cerebral perfusion in studies of
AD, including dynamic susceptibility contrast enhanced MRI, which involves the injection
of contrast agents to measure CBF and regional cerebral blood volume, and a relatively new
technique called arterial spin labeling, which measures CBF without any external contrast
agents by using magnetic pulses that label blood entering the brain (Alsop et al. 2010, Wang
etal. 2011).

MRI can also be used to measure brain function. Functional MRI (fMRI) measures brain
activity during a cognitive, sensory, or motor task or at rest by measuring blood flow and
blood oxygen levels. The primary outcome measured in fMRI studies is a blood-
oxygenation-level-dependent (BOLD) signal in which regional brain activity is assessed via
changes in local blood flow and oxygenation (Ogawa et al. 1992). Given that activity-related
brain metabolism is tightly coupled to regional blood oxygenation and flow (i.e., blood flow
increases to keep the regional blood oxygen level high during brain activation and associated
increases in metabolic demand), the BOLD signal is a useful measure for brain activation
(Logothetis et al. 2001). However, altered coupling of neuronal metabolism and blood flow
due to brain atrophy and/or hypoperfusion may cause alterations in the BOLD signal.
Therefore, studies in older patient populations with brain atrophy and hypoperfusion, such
as MClI and AD, should be evaluated and interpreted with these considerations in mind.
fMRI studies in patients with MCI and AD often measure brain activity during cognitive
tests, particularly in memory, executive function, and language domains. In addition to
estimates of regional task-related brain activity, quantification of brain networks can provide
a unique measure of brain activity. Techniques for quantifying brain connectivity from fMRI
data have recently been developed and applied in studies of brain aging during functional
activation (i.e., during performance of tasks) as well as during resting or task-free states
(Greicius et al. 2003).

PET uses radiolabeled ligands to measure metabolic and neurochemical processes in vivo. In
AD research, two types of PET ligands are primarily utilized: (a) [*8F]fluorodeoxyglucose
(FDG), which measures brain metabolism (Jagust et al. 2010, Langbaum et al. 2009); and
(b) amyloid tracers, including [1C]Pittsburgh compound B (PiB) and [18F]Florbetapir,
which bind to fibrillar amyloid plaques (Klunk et al. 2004, VVandenberghe et al. 2010, Wong
et al. 2010). The most commonly used amyloid tracer in studies of AD and MCI patients to
date is [*1C]PiB, which has been shown to bind to both neuritic and diffuse plaques (Klunk
et al. 2005) as well as to cerebral amyloid (Johnson et al. 2007) within the vasculature. The
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primary signal measured in studies with [11C]PiB is the result of specific binding to amyloid
plagues, with a high correlation between the anatomical distribution of [11C]PiB binding and
post-mortem amyloid (Ikonomovic et al. 2008). Other PET studies in AD patients using a
wide variety of ligands have been reported, including those that measure neuroinflammation
and activated microglia (e.g., [11C]PK11195 and [11C]DAA1106) (Banati et al. 2000, Chaki
et al. 1999) and neurotransmitter and enzyme activity [e.g., acetylcholine (ACh), GABA,
dopamine, serotonin, and acetylcholinesterase (AChE)] (Pappata et al. 2008).

BIOMARKERS OF PATHOLOGY IN ALZHEIMER'S DISEASE

As stated above, structural MRI is the most widely used neuroimaging technique to
investigate structural changes and neurodegeneration. MRI estimates of regional volumes,
extracted using either manual or automated techniques, as well as global and regional tissue
morphometry show significant brain atrophy in AD patients, following an anatomical
distribution similar to the pattern reported in Braak et al. (1993) according to disease
severity. A number of studies have investigated atrophy in AD participants in the ADNI
sample and found a pattern of widespread atrophy, including in the MTL and lateral
temporal lobe, medial and lateral parietal lobe, and the frontal lobe, with relative sparing of
the occipital lobe and sensory-motor cortex (Jack et al. 2010a, Risacher et al. 2009, Weiner
et al. 2011) (Figure 2a). Longitudinal studies have shown high rates of cortical atrophy in
patients with AD, particularly in the temporal lobe. Patients with AD show an approximate
annual hippocampal decline of 4.5% relative to only an approximate 1% annual decline in
HC (for meta-analysis, see Barnes et al. 2009).

Advanced MRI techniques have also been used in studies of patients with AD. DWI/DTI
studies indicate that AD patients show reduced FA and increased MD/ADC relative to HCs
in many WM structures throughout the brain (Ibrahim et al. 2009). MRS techniques show
that AD patients have decreased NAA levels and increased myo-inositol relative to HCs
throughout the brain, with the most significant changes in the temporal lobe and
hippocampus (Chantal et al. 2004, Schuff et al. 2002). Studies of brain perfusion with MRI
have consistently demonstrated decreased perfusion or “hypoperfusion” in patients with AD,
particularly in temporoparietal regions, as well as frontal, parietal, and temporal cortices
(Harris et al. 1998).

Results from fMRI studies in AD patients have shown conflicting results. Most studies with
AD patients have shown decreased or even absent activation relative to HCs in the
hippocampus, MTL, posterior cingulate, parietal lobe, and frontal lobe during episodic
memory encoding and recall tasks (Celone et al. 2006, Dickerson et al. 2005) (Figure 3a).
Alternatively, a small number of studies have suggested increased activation during episodic
memory encoding and recall in the posterior cingulate, precuneus, parietal lobe, and frontal
lobe (Pariente et al. 2005). Functional connectivity studies have also shown alterations in
patients with AD, including decreased connectivity in task-related and resting-state networks
(Celone et al. 2006, Grady et al. 2003, Zhou et al. 2008). In particular, a network of brain
regions that includes the medial parietal lobe, MTL, and medial frontal lobe is deactivated
upon task initiation. This network, which is referred to as the default mode network (DMN)
(Buckner et al. 2005, Greicius et al. 2003), shows decreased activity at rest, decreased
connectivity, and reduced deactivation upon task initiation in AD patients (Buckner et al.
2005, Celone et al. 2006, Grady et al. 2003, Greicius et al. 2004) (Figure 3b). The observed
decreased functional connectivity is consistent with DTI studies showing decreased
structural connectivity (i.e., impaired integrity of WM tracts) within and between the
memory and resting-state networks (Zhou et al. 2008).
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FDG PET studies of patients with AD have shown significant reductions in cerebral
metabolism relative to HC, specifically in the temporoparietal cortex, posterior cingulate,
parietal lobe, temporal lobe, and in the MTL, including the hippocampus (Buckner et al.
2005, Langbaum et al. 2009, Mosconi 2005) (Figure 2b). In addition, more impaired AD
patients also show hypometabolism in the frontal lobe and prefrontal cortex relative to less
impaired patients and HCs (Herholz et al. 1999, Mosconi 2005). Longitudinal studies also
show a faster rate of annual decline in metabolism in the temporal, parietal, and frontal
lobes, as well as the posterior cingulate and precuneus in AD patients relative to HCs
(Alexander et al. 2002, Small et al. 2000).

Amyloid imaging PET studies in patients with AD have shown significantly higher uptake
and binding of amyloid tracers (most commonly [11C]PiB) relative to HC in brain regions
known to show amyloid deposition, including the frontal, temporal, and parietal lobes,
posterior cingulate, and precuneus (Jack et al. 2008, Klunk et al. 2004) (Figure 2c). Across
[11C]PiB studies, 96% of AD patients show significant amyloid accumulation, measured as
a “positive” [11C]PIB signal (Johnson et al. 2012). Longitudinal assessments of amyloid
using [*1C]PiB in AD patients have shown minimal increases in [11C]PiB signal over 1-2
years in patients who showed significant [11C]PiB signal at baseline (Jack et al. 2009, Klunk
et al. 2006). Thus, researchers have tentatively concluded that amyloid deposition occurs
earlier in the disease, and by the time cognitive decline occurs and a diagnosis of AD is
made, brain amyloid burden is relatively stable and increased depaosition is minimal. There is
great interest in development of PET tracers for tau and other abnormal proteins beyond beta
amyloid, but these developments are presently at an early stage.

In addition to evaluating cerebral metabolism and the presence of amyloid, researchers have
investigated specific alterations in neurotransmitter systems and neuroinflammation using
PET. Using PET techniques with tracers specific for AChE as a surrogate measure for ACh
synaptic density, significant reductions in binding were found in AD patients in the MTL,
including the hippocampus and amygdala, as well as in the frontal, parietal, and temporal
lobes and cingulate cortex (Rinne et al. 2003). Neuroimaging of neurotransmitter systems
other than ACh has been relatively limited. However, studies in AD patients have shown
decreases in GABA, serotonin, and dopamine synaptic densities (Pappata et al. 2008). In
addition to the accumulation of amyloid and hyperphosphorylated tau, AD patients show a
large amount of activated microglia, particularly surrounding amyloid plaques (Haga et al.
1989). Tracers have been developed (i.e., [11C]PK11195 and [11C] DAA1106) that show
specific binding to activated microglia in vitro, as well as in the living brain (Chaki et al.
1999, Venneti et al. 2009). Studies of neuroinflammation have shown significantly elevated
global and regional binding of both tracers in patients with AD relative to HCs, particularly
in the MTL, including the amygdala and EC, as well as in the frontal lobe, parietal lobe,
lateral temporal lobe, occipital lobe, anterior cingulate, and cerebellum (Edison et al. 2008,
Okello et al. 2009). However, other studies have shown minimal binding of these tracers in
patients with AD relative to HCs (Wiley et al. 2009). These differences likely reflect
conflicting quantification methodologies, and future studies will likely elucidate the role of
neuroinflammation in AD and MCI, as well as utility of this technique as a biomarker.

The major protein species assessed in CSF studies of AD patients are levels of ABag, AB42,
total tau, and phosphorylated tau (p-tau). Patients with AD show a significantly decreased
level of AB4g and AB4, and increased level of total tau and p-tau relative to HCs (Shaw et al.
2007, 2009; Trojanowski et al. 2010). Other CSF measures, including assessment of
isoprostane and homocysteine, have also shown some elevations in patients with AD (Shaw
et al. 2007, Trojanowski et al. 2010).
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Overall, the findings from studies of patients with AD show widespread and significant
neurodegeneration in both gray and white matter, altered brain perfusion and neurochemical
properties, alterations in brain function during tasks and at rest, reduced brain glucose
utilization, significant amyloid accumulation, notable neuroinflammation, a loss of
neurotransmitter activity and receptor density, and an accumulation of Af and tau proteins in
the CSF. All of these studies suggest that significant brain pathology has accumulated by the
time of an AD diagnosis, including widespread cell death. Therefore, identification of
patients at risk for the development of AD before the extensive amyloid and
neurodegenerative pathology occurs may provide clues about disease mechanisms as well as
provide a window in which to intervene and prevent disease progression.

BIOMARKERS OF PATHOLOGY IN MILD COGNITIVE IMPAIRMENT

As described above, MCI is considered to be a prodromal stage of AD, with an annualized
conversion rate of 10% to 15% (MCI to AD) (Petersen et al. 1999). Evaluating the extent of
AD pathology using biomarkers in patients with MCI may provide clues regarding the
biological mechanisms underlying progression to AD as well as assist with early
identification of patients at greatest risk to progress to an AD diagnosis, which will be
important for treatment development and clinical trials.

Using structural MRI methods, MCI patients have been shown to have intermediate atrophy
between AD patients and HCs, supporting this as an intermediate stage between healthy
aging and AD (Du et al. 2001). MCI patients, particularly the more clinically mild patients,
tend to have more focal reductions in volume and GM density than AD patients.
Specifically, MCI patients show significant atrophy in the MTL, particularly in the EC and
hippocampus, and focal cortical atrophy, particularly in the temporal, parietal, and frontal
lobes (Chetelat et al. 2002, Hamalainen et al. 2007, Whitwell et al. 2008) (Figure 2a).
Global morphometric techniques have also been shown to effectively monitor expansion of
atrophy as MCI patients progress clinically over the course of three years, showing the
expected pattern of atrophy expansion, starting in the MTL and progressing to encompass
more extensive cortical regions (Whitwell et al. 2007). Longitudinal studies have shown
greater atrophy rates in patients with MCI, including hippocampal annual atrophy rates of
approximately 3% (for meta-analysis, see Barnes et al. 2009) and greater rates of cortical
atrophy and ventricular expansion than HCs (Jack et al. 2004). Changes in global and local
tissue morphometry have also been shown to correctly classify MCI patients and HCs with
an overall accuracy of 87% (Trivedi et al. 2006), while measures of regions of interest have
been shown to classify MCI patients and HCs with an overall accuracy of between 75% and
85% (Du et al. 2001, Killiany et al. 2002).

MRI measures of volume, morphometry, and rates of brain atrophy have also shown
promise in predicting the course of AD progression. In fact, numerous studies have
demonstrated significantly reduced hippocampal and EC volume, as well as reduced cortical
thickness in the medial and lateral temporal cortex, parietal lobe, and frontal lobes, in
patients destined to convert from MCI to probable AD (MCI-converters), up to two years
prior to clinical conversion, relative to MCI patients that remain at a stable MCI diagnosis
(MCl-stable) (deToledo-Morrell et al. 2004, Devanand et al. 2008, Jack et al. 1999, Risacher
et al. 2009). Techniques assessing global and local tissue morphometry have also shown
significantly reduced GM density and volume in MCI-converters relative to MCl-stables
(Hamalainen et al. 2007, Whitwell et al. 2008). In a study by our group (Risacher et al.
2009) using data from ADNI, we found significantly reduced hippocampal and amygdalar
volume, reduced EC thickness, and reduced lateral temporal and parietal lobe cortical
thicknesses in patients who converted from MCI to AD within 12 months relative to those
who remained stable. Rates of brain atrophy, including annualized whole-brain,
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hippocampal, and EC volume decline, as well as rates of ventricular enlargement, are also
accelerated in patients who are rapidly converting from MCI to AD (Jack et al. 2004,
Risacher et al. 2010). In addition to detecting differences in MCI-converters, baseline and
rate of hippocampal atrophy have been used to predict MCI to probable AD conversion.
Using Cox proportional hazard models, reduced baseline hippocampal volume and increased
annual hippocampal atrophy rates accurately predicted MCI to probable AD conversion
(Devanand et al. 2008, Jack et al. 1999). Baseline hippocampal volume also correctly
classified MCl-converters and MCl-stables with an overall accuracy of between 75% and
90% (deToledo-Morrell et al. 2004, Killiany et al. 2002). Thus, in MCI a set of established
anatomic features measured using structural MR methods serves as both an antecedent
biomarker for clinical conversion/progression and a useful marker to monitor disease course.

In studies utilizing DTI techniques, MCI patients show intermediate reductions in FA
relative to AD patients and HCs, with significantly smaller FA values than HCs in the
corpus callo-sum, temporal WM, hippocampus, cingulum bundles, superior longitudinal
fasiculus, thalamus, parahippocampal subgyral WM, posterior uncinate fasiculus, and
posterior cingulate (Rose et al. 2006, Zhang et al. 2007). Increased ADC and MD values are
also seen in patients with MCI relative to HCs (Fellgiebel et al. 2004, Ibrahim et al. 2009).
Measures of FA and MD also have been shown to predict future conversion from MCI to
probable AD (Kantarci et al. 2005).

MRS studies have shown reductions in NAA in patients with MCI relative to HC (Chantal et
al. 2004, Kantarci et al. 2000), although NAA values tend to be intermediate between those
seen in AD and HC participants. Additionally, NAA/Cr has been shown to correlate with
cognitive performance (Chantal et al. 2002) and to predict future MCI to AD conversion
(Metastasio et al. 2006).

Changes in cerebral blood flow, as measured using arterial spin-labeling perfusion, have
also been reported in patients with MCI relative to HCs. Specifically, MCI patients show
decreased brain perfusion, particularly in the medial and inferior parietal lobes (Alsop et al.
2010). The findings of studies utilizing DTI, MRS, and perfusion imaging suggest that these
advanced MRI techniques may be useful biomarkers for detecting early pathophysiological
changes in prodromal stages of AD, although additional studies are needed.

Task-related and resting-state fMRI techniques have been utilized in studies of patients with
MCI and suggest alterations in brain function. Conflicting results in patients with MCI have
been shown in studies measuring brain function during memory tasks. Some studies have
shown decreased activation relative to HCs during episodic memory encoding (Celone et al.
2006, Johnson et al. 2006a, Trivedi et al. 2008) and recall tasks (Celone et al. 2006, Johnson
et al. 2006a, Trivedi et al. 2008), whereas others show increased activation (Celone et al.
2006, Dickerson et al. 2005, Trivedi et al. 2008), particularly in regions of the hippocampus,
parahippocampal gyrus, MTL, posterior cingulate, precuneus, parietal lobe, and frontal lobe
(Figure 3a). Interestingly, the level of disease severity of the targeted patient populations
may explain some of these conflicting findings. The studies to date have suggested that MCI
patients who are minimally impaired tend to show increased activation, which may represent
a compensatory mechanism engaged to assist with successful completion of the task.
However, more impaired patients with MCI, especially those with advanced atrophy that can
no longer support increased neuronal activity, show decreased activation during tasks. A few
studies have provided evidence supporting this theory, showing that the extent of
hippocampal activation during a memory task was related to clinical severity within MCI
patients (Celone et al. 2006, Dickerson et al. 2005, O'Brien et al. 2010). Increased activation
in the hippocampal region during memory tasks at baseline may also predict a faster rate of
future clinical decline of MCI patients, coinciding with a greater longitudinal decline in
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hippocampal activation during memory tasks (Miller et al. 2008, O'Brien et al. 2010).
Studies evaluating brain connectivity during cognitive tasks and at rest have demonstrated
altered connectivity in patients with MCI relative to HCs. Generally, patients with MCI
show reduced whole-brain functional connectivity during memory tasks, as well as reduced
connectivity of the hippocampus (Celone et al. 2006, Zhou et al. 2008). Similar to the
activation fMRI studies, mildly impaired MCI patients actually show increased functional
connectivity between the memory network and the resting-state network, suggesting
compensatory changes (Bai et al. 2009, Celone et al. 2006, Grady et al. 2003), whereas more
impaired MCI patients show decreased or absent connectivity between these regions (Celone
et al. 2006). Studies using resting-state connectivity techniques, which are designed to
evaluate intrinsic brain networks that are not necessarily task related, have shown significant
alterations in patients with MCI. In particular, patients with MCI show alterations in DMN
connectivity and the connectivity of MTL regions. Similar to the task-related activity and
functional connectivity, mildly impaired MCI patients show greater deactivation upon task
initiation and increased connectivity of the DMN, whereas more advanced MCI patients
show impaired deactivation of the DMN upon task initiation and decreased DMN
connectivity (Celone et al. 2006, Grady et al. 2003) (Figure 3b). Furthermore, more
impaired MCI patients show impaired connectivity between the hippocampus (episodic
memory network) and the DMN at rest (Buckner et al. 2005, Greicius et al. 2004).

FDG PET studies of patients with MCI have shown significant differences in resting
cerebral glucose metabolism between patients and healthy elderly. Specifically, patients
with MCI show reduced glucose metabolism in the temporoparietal cortex, posterior
cingulate, parietal lobe, temporal lobe, and in the MTL, including the hippocampus
(Buckner et al. 2005, Langbaum et al. 2009, Mosconi 2005) (Figure 2b). Longitudinal
studies in MCI patients also show a significantly greater rate of annual decline in
metabolism in the temporal, parietal, and frontal lobes, as well as the posterior cingulate and
precuneus relative to HCs (Alexander et al. 2002). Temporoparietal and posterior cingulate
hypometabolism has also been shown to predict cognitive decline and progression from
MCI to probable AD, with a predictive accuracy for future MCI to AD conversion of
between 75% and 95% (Herholz et al. 1999, Mosconi et al. 2004).

Using amyloid imaging tracers (most commonly [11C]PiB), studies in patients with MCI
have shown significantly increased tracer uptake and binding relative to HCs, particularly in
regions of the medial and lateral parietal lobe, anterior and posterior cingulate cortex, medial
and lateral frontal lobe, and the lateral temporal lobe (Jack et al. 2008, 2009) (Figure 2c). In
fact, nearly two-thirds of patients with MCI show significant amyloid accumulation as
measured using [M1C]PiB (Johnson et al. 2012). In addition, MCI patients with significant
amyloid accumulation show a higher likelihood for future conversion to AD (Forsberg et al.
2008). Longitudinal studies in patients with MCI demonstrate that once a participant shows
a positive [11C]PiB signal, there is very little annual increase in amyloid deposition (Jack et
al. 2009). However, in patients who do not show amyloid deposition at baseline, as
measured by [11C]PiB, some additional amyloid accumulation may be possible.

Very few studies evaluating neurotransmitter system activity have been completed in
patients with MCI. Studies evaluating ACh neurotransmission (i.e., targeting AChE activity)
and ACh receptor levels have demonstrated significant decreases in ACh levels and receptor
density in MCI patients, particularly in the temporal lobe (Herholz et al. 2005, Sabri et al.
2008). In addition, these changes in ACh synaptic density have been shown to predict
conversion from MCI to AD (Herholz et al. 2005). PET techniques targeting the ACh
system have also shown promise in monitoring treatment response to AChE inhibitors in
patients with MCI (Bohnen et al. 2005). Studies of serotonin neurotransmission have also
showed reduced receptor density in patients with MCI (Hasselbalch et al. 2008). PET studies
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of neuroinflammation have also been performed in MCI patients. Although findings have
been mixed, one study showed that patients with MCI have elevated tracer binding in the
frontal lobe and cingulate (Okello et al. 2009). Future studies elucidating the role of
neurotransmission and neuroinflammation in MCI patients will help to establish the utility
of these techniques as biomarkers.

Patients with MCI show altered CSF protein levels, particularly of AB4g, AB4o, total tau, and
p-tau. Specifically, MCI patients show decreased levels of AB4p and ABy4, and increased
levels of total tau and p-tau relative to HCs (Shaw et al. 2007, 2009; Trojanowski et al.
2010). In addition, an increased level of homocysteine has been observed in patients with
MCI (Trojanowski et al. 2010). Decreased ABg4o levels and increased tau levels have also
been shown to be predictive of future conversion from MCI to AD (Shaw et al. 2007, 2009;
Trojanowski et al. 2010).

In summary, patients with MCI show significant AD-related neuropathology, including
notable brain atrophy, alterations in brain function, reduced glucose metabolism, amyloid
accumulation, altered neurotransmission and neuroinflammation, and abnormal levels of Ap
and tau in the CSF. These biomarkers often indicate that more impaired patients have greater
AD-like pathology and that MCI patients with more significant brain atrophy and functional
changes, as well as altered glucose metabolism and amyloid deposition, are at greater risk
for future progression to AD. Future studies of imaging and nonimaging biomarkers in
patients with MCI will allow for additional understanding of the pathological processes
occurring as the disease progresses toward AD. Biomarkers are now often employed in
clinical trials of potential therapeutics for sample enrichment and/or measuring treatment
efficacy. Use of biomarkers in clinical settings to detect and predict outcomes in patients
with MCI may soon be warranted as key tools for personalization of diagnostics and
therapeutics.

BIOMARKERS OF PATHOLOGY IN PRECLINICAL PATIENTS

Many investigators believe that the ideal treatment for AD will be preventative, potentially
as an intervention prior to the emergence of clinical symptoms (i.e., before MCI). Therefore,
a major goal is identification of early AD-like pathology that may indicate a higher
likelihood for future development of AD symptoms in individuals with no significant
clinical symptoms. There are a number of ways to potentially identify older adults at
increased risk for the development of AD. We focus here on three groups of participants that
have been identified as at greater risk for future AD: (a) cognitively healthy older adults
who show abnormal amyloid accumulation using either PET or CSF measures; (b)
participants at risk for AD due to genetic background and/or a family history of AD; and, (c)
older adults with cognitive complaints, particularly in the memory domain.

Initial studies with amyloid imaging tracers showed that approximately 25% to 30% of older
adults with normal cognition are amyloid positive (Johnson et al. 2012, Mintun et al. 2006,
Villemagne et al. 2008). As might be expected, longitudinal follow-up studies of these
patients suggest that they show subtle changes in cognition (Mormino et al. 2009, Pike et al.
2011) and are significantly more likely to progress to MCI or AD (Mintun et al. 2006,
Villemagne et al. 2008). As such, these patients may represent a biomarker-determined
preclinical AD sample, which may be ideal for testing anti-amyloid and related
interventions.

In order to better characterize these patients, studies to evaluate brain atrophy, brain
function, and glucose metabolism have been completed utilizing structural and functional
MRI and FDG PET techniques, respectively. Amyloid-positive HCs show significant
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baseline brain atrophy and a faster rate of atrophy relative to amyloid-negative HCs,
particularly in regions of the MTL, lateral temporal lobe, anterior cingulate, and medial and
lateral parietal and frontal lobes (Bourgeat et al. 2010, Chetelat et al. 2010, Jack et al. 2008).
Studies with functional MRI have also demonstrated changes in task-related activation and
deactivation, as well as altered resting-state connectivity in the DMN, in amyloid-positive
HCs relative to amyloid-negative HCs (Rami et al. 2012, Sperling et al. 2009). However, in
an initial study with FDG PET techniques, no significant alterations in glucose metabolism
were seen in amyloid-positive HCs relative to amyloid-negative HCs (Cohen et al. 2009). In
sum, these findings in amyloid-positive HCs suggest that these participants may be in a
preclinical stage of AD, with a higher likelihood for future cognitive decline.

Although older adults with amyloid pathology are considered to be at higher risk for future
cognitive decline, the reason for cognitively normal performance in participants with high
amyloid levels is currently unknown. Researchers have theorized that these participants
show cognitive resilience to the presence of notable pathology, which is referred to as
cognitive reserve (Stern 2002). Cognitive reserve is often thought to be related to
educational and occupational attainment and has been shown to independently modulate the
relationship between amyloid accumulation and cognition in healthy older adults (Rentz et
al. 2010) as well as in patients with MCI and AD (Kemppainen et al. 2008, Vemuri et al.
2011). Specifically, patients who had higher levels of cognitive reserve, as measured either
by educational attainment or performance on a measure of baseline general verbal ability
(e.g., the American National Adult Reading Test), had better cognition than those with lower
cognitive reserve, even at equivalently high levels of amyloid accumulation. Furthermore,
cognitive reserve was shown to be associated with cognition independent of known imaging
and CSF biomarkers (Vemuri et al. 2011), suggesting that cognitive reserve is an important
factor in determining cognition, even in the presence of significant AD neuropathology.

Individuals who are at risk for the development of AD can also be identified by genetic
background and/or a family history of AD. The most commonly associated genetic variant
with late-onset AD is the apolipoprotein E epsilon 4 (APOE €4) allele, which confers a dose-
dependent increased likelihood of developing AD (Corder et al. 1993). Therefore, healthy
older adults who are positive for the APOE €4 allele are at higher risk for progressing to
MCI and AD. A number of studies utilizing imaging and nonimaging biomarkers in these
patients have been conducted. Structural MRI studies have shown that HC participants who
are positive for APOE €4 show more baseline atrophy and faster brain atrophy rates,
particularly in the MTL, than participants who are negative for APOE €4 (Donix et al.
2010b, Honea et al. 2009, Risacher et al. 2010, Wishart et al. 2006a). Family history of AD
has also been shown to be associated with MTL atrophy in HCs (Donix et al. 2010a).
Additionally, hippocampal activation during episodic memory encoding and recall tasks,
working memory, and connectivity in multiple brain networks, including the DMN, is
altered in cognitively normal older controls who are APOE ¢4 positive and/or have a
positive family history for dementia (Bookheimer et al. 2000, Johnson et al. 2006b,
Trachtenberg et al. 2012, Wishart et al. 2006b). Alterations in resting cerebral glucose
metabolism in an AD-like pattern have also been shown in participants who are positive for
APOE &4 and/or those with a positive family history of dementia (de Leon et al. 2001, Small
et al. 2000). Finally, HC participants who are positive for APOE &4 show greater amyloid
accumulation, measured using PET and CSF measures, as well as increased CSF tau and p-
tau levels (Honea et al. 2012, Mosconi et al. 2010, Reiman et al. 2009, Rowe et al. 2010).

Finally, cognitively healthy older adults who have significant cognitive complaints,
subjective cognitive impairment, or subjective memory impairment may also represent a
population in a preclinical stage of AD, as they show a higher likelihood for clinical
progression and cognitive decline (Duara et al. 2011, Jessen et al. 2010, Reisberg et al.
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2010). Studies with imaging and nonimaging biomarkers have been completed in older
adults with cognitive complaints. Specifically, older adults with cognitive complaints show
significant atrophy, particularly in the MTL, relative to HCs without complaints (Saykin et
al. 2006, Scheef et al. 2012, Striepens et al. 2010). Furthermore, DT1 measures show
significant WM changes in older adults with cognitive complaints relative to those without
complaints (Wang et al. 2012). Studies of glucose metabolism with FDG have demonstrated
reduced cerebral metabolism in older adults with cognitive complaints relative to those
without complaints, particularly in the presence of an APOE &4 allele (Mosconi et al. 2008).
CSF measures of Af and tau are also altered in older adults with cognitive complaints, but
only in the presence of an APOE ¢4 allele (Mosconi et al. 2008). Therefore, the findings in
older adults with cognitive complaints suggest that these participants may represent a
preclinical stage of AD that could be targeted for interventional therapies. One limitation in
this area is the lack of well-standardized definitions of cognitive complaints, subjective
cognitive impairment, subjective memory impairment, and related classifications (Abdulrab
& Heun 2008). Further progress in this area would be facilitated by standardizing criteria
and assessment approaches for pre-MCI stages of AD.

BIOMARKERS OF PATHOLOGY IN FAMILIAL ALZHEIMER'S DISEASE

Although the majority of AD cases represent late-onset or sporadic AD, nearly 5% of AD
cases are caused by dominantly inherited genetic mutations, usually in one of three genes:
amyloid precursor protein (APP), presenilin 1 (PSL), or presenilin 2 (PS2). Often featuring
symptom onset at an earlier age seen than in sporadic AD patients (i.e., before age 65), these
cases are referred to as familial AD or early-onset AD. Although these diseases may show
symptomology and pathology that are somewhat different from late-onset AD, the major AD
hallmarks (i.e., amyloid plagues and NFTs) are present. Therefore, these patients may
represent a useful sample for studying early AD-like pathologic changes with biomarkers,
particularly because the age of symptom onset tends to be consistent across generations.
Therefore, using an estimated age of symptom onset, changes in neuropathology and
cognition can be assessed using biomarkers decades before onset of disease. Studies with
familial AD patients have shown greater brain atrophy, faster longitudinal atrophy rates,
WM changes measured using DTI, reduced CSF AP levels and increased CSF tau, p-tau, and
isoprostane levels, increased plasma AP levels, and subtle declines in cognition in
presymptomatic mutation carriers (MCs) relative to noncarriers (NCs) (Bateman et al. 2012;
Fox et al. 1996; Gregory et al. 2006; Ringman et al. 2007, 2008). Bateman et al. (2012)
compared multiple biomarkers in the same sample (the Dominantly Inherited Alzheimer
Network consortium study) and evaluated changes in target biomarkers in five-year intervals
from 25 years before the estimated age of symptom onset to 10 years after onset of
symptoms to assess the relative sensitivity and ordering of biomarkers at various stages of
disease (Bateman et al. 2012) (Figure 4). This study found that amyloid accumulation
assessed by PET was the earliest difference that could be detected between presymptomatic
MCs and NCs, with increased amyloid in MCs approximately 15 years before the estimated
symptom onset (Figure 4). Pathologic changes in other imaging (MRI, FDG PET), CSF (A,
tau), and plasma (AB) biomarkers were also detectable in MCs relative to NCs in the
presymptomatic phase, typically between 10 and 15 years before the estimated symptom
onset. Cognition began to decline approximately five years before the estimated symptom
onset, with memory function showing the earliest changes. Overall, the use of biomarkers in
the study of familial AD has shown neuropathological changes similar to those seen in late-
onset AD, in both presymptomatic and symptomatic familial AD patients. Studies in these
patients may give further information about the role of biomarkers in studies of late-onset
AD as well as provide sensitive measures for detecting disease-related changes and
monitoring disease progression in patients with familial AD.
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THE EMERGENT BIOMARKER-DRIVEN THEORETICAL FRAMEWORK OF
ALZHEIMER'S DISEASE

In 2010, Jack and colleagues presented a theoretical framework for imaging and nonimaging
biomarkers of AD (Jack et al. 2010b) (Figure 5). The proposed theory maintains that
amyloid accumulation is the earliest marker of AD-like pathological changes, and thus
amyloid assessment techniques (i.e., PET, CSF) will show the earliest changes in patients
that ultimately progress to AD. After the amyloid accumulation, measures of neuronal
functioning (i.e., FDG PET, CSF tau, and fMRI) would next show alterations, followed by
measures of regional and cortical GM and WM atrophy. Finally, changes in cognition and
clinical dementia status could be observed. These biomarkers are presented across the
clinical disease spectrum, with changes in amyloid, neuronal function, and brain atrophy
potentially detectable before any clinical symptoms. Furthermore, the change in each
biomarker over time and as the disease progresses represents a sigmoidal function, which
ultimately reaches a plateau at which no additional change in the measure can be detected.
Although this theoretical framework is still preliminary and needs further testing, a few
studies to date have confirmed the ordering of biomarkers and the sigmoidal-like shape of
the measures over time (Caroli & Frisoni 2010, Jack et al. 2012, Weiner et al. 2011).
Interestingly, these curves may be shifted or altered by other factors, such as lifestyle and
health factors, genetic variations (e.g., APOE), and cognitive reserve (Jack et al. 2010b)
(Figure 6). Future studies to further investigate this theory, as well as the integration of
novel biomarkers (i.e., plasma protein biomarkers and advanced imaging techniques) and
other factors known to affect AD prevalence (i.e., genetic variants, family history, and
lifestyle factors), will help to clarify further the pathologic and biological processes
associated with the progression toward AD.

IMAGING GENETICS

Genetic variation plays a significant role in the development of AD and MCI, as indicated
by previous studies that have suggested a high heritability for AD (Gatz et al. 2006).
Although APOE is the most significant genetic variant associated with AD (Bertram &
Tanzi 2008, Corder et al. 1993), it does not account for all of the AD heritability. Genome-
wide association studies (GWAS) using high-density genotyping technology have led to the
identification of additional replicated loci (Hollingworth et al. 2011, Naj et al. 2011),
although all have effect sizes that are much smaller than those of APOE. The primary
outcome measure in these large studies was the presence or absence of an AD diagnosis.
Many researchers believe that refinement of disease-associated phenotypes for GWAS will
lead to the identification of additional important loci. A novel direction of AD research has
been the use of imaging and nonimaging biomarkers as endophenotypes in studies designed
to identify novel genetic variants associated with AD pathology. Studies have suggested that
using continuous and biologically specific phenotypes may lead to increased power in
genetic associations (Potkin et al. 2009b). To date, a few studies have been published in this
area and have identified a number of genetic variants associated with MRI atrophy measures
(Furney et al. 2011; Potkin et al. 2009a; Shen et al. 2010; Stein et al. 2010, 2012), CSF
measures (Cruchaga et al. 2010, Han et al. 2010, Kim et al. 2011), and other biomarkers
(Saykin et al. 2010, Swaminathan et al. 2011, Xu et al. 2010). Future imaging genetic
studies will likely help identify important genetic factors underlying AD, which is a
polygenic or complex disease. This should contribute to improved early identification of
people at risk for developing AD and help to elucidate further the biological mechanisms
associated with AD, which in turn may identify prominent targets for therapeutic
development.
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CONCLUSION

Imaging and nonimaging biomarkers of AD have demonstrated sensitivity to detecting AD
pathology even in prodromal and preclinical stages of disease. Patients with clinical AD and
those in prodromal stages show extensive amyloid accumulation (measured using PET and
CSF methods), alterations in brain functioning both during tasks and at rest (measured using
fMRI techniques), cortical and subcortical GM and WM atrophy (measured using structural
MRI and DTI), and altered cerebral perfusion (measured using dynamic susceptibility
contrast-enhanced MRI or arterial spin labeling) and glucose utilization (measured using
FDG PET), as well as other changes in brain neurochemistry (measured using MRS and
CSF protein levels), neuroinflammation (measured using PET), and neurotransmission
(measured using PET). These tools provide researchers the ability to evaluate AD pathology
in vivo and thus may assist with clinical diagnosis and optimization of trials of therapeutic
interventions. Biomarkers for early detection of pathology, prediction of future clinical
progression, and monitoring of treatment response will become increasingly important in the
quest to ultimately prevent this devastating disease.
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Figure 1.

Hypothetical timeline for the progression of neuropathology and clinical symptoms
associated with Alzheimer's disease (AD). This figure shows a theoretical timeline for the
progression of AD-related neuropathology and clinical changes, with changes in amyloid
and tau pathology occurring years before the onset of AD. The gray-, blue-, and red-shaded
bars reflect time points at which different types of potential interventions may be beneficial
(gray, preventative; blue, disease modifying; red, symptomatic). Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Drug Discovery, [Shaw LM et al.,
Biomarkers of neurodegeneration for diagnosis and monitoring therapeutics. Nat. Rev. Drug
Discov. 6:295-303], copyright 2007. MCI, mild cognitive impairment.
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Figure 2.

Differences in brain atrophy, glucose metabolism, and amyloid deposition between patients
with Alzheimer's disease (AD) and mild cognitive impairment (MCI) and healthy older
adults controls (HCs). The pattern of differences between AD, MCI, and HC is
demonstrated in (a) brain atrophy [measured using structural magnetic resonance imaging
(MRI)], (b) glucose metabolism [measured using [*8F]fluorodeoxyglucose positron emission
tomography (FDG PET)], and (c) amyloid accumulation [measured using [11C]Pittsburgh
compound B positron emission tomography (PiB PET)]. Relative to HC, patients with AD
show significantly reduced brain gray matter (GM) density throughout cortical and
subcortical regions (a; AD versus HC), reduced glucose metabolism in regions of the medial
and lateral parietal lobe, medial and lateral temporal lobes, and medial and lateral frontal
lobes (b; AD versus HC), as well as increased amyloid accumulation throughout the cerebral
cortex (c; AD versus HC). MCI patients also show similar, although more focal, changes
relative to HC, including reduced GM density in the medial and lateral temporal lobes (a;
MCI versus HC), reduced glucose metabolism in the medial and lateral temporal lobes,
medial and lateral parietal lobes, and frontal lobe (b; MCI versus HC), and greater amyloid
deposition in the frontal, parietal, and temporal cortices (c; MCI versus HC). The
comparisons of these measures between patients with AD to patients with MCI show
interesting patterns of association with disease severity. Specifically, patients with AD show
significantly more GM atrophy in regions of the medial and lateral temporal lobes and
parietal lobes (a; AD versus MCI) and reduced glucose metabolism in the medial and lateral
temporal lobes, medial and lateral parietal lobes, and frontal lobe (b; AD versus MCI)
relative to MCI patients. However, only minor differences in amyloid accumulation between
AD and MCI patients are observed (c; AD versus MCI), suggesting the majority of amyloid
accumulation occurs before a participant has reached a clinical diagnosis of MCI, as has
been previously reported (Jack et al. 2009, 2010b). This figure was generated using data
from the Alzheimer's Disease Neuroimaging Initiative cohort and utilizing traditional
methods that have been previously described (Jagust et al. 2010, Risacher et al. 2009,
Swaminathan et al. 2011). Panel a is displayed at a voxel-wise threshold of p <0.01 (family-
wise error correction for multiple comparisons) and minimum cluster size (k) = 50 voxels
and includes 189 AD, 396 MCI, and 225 HC participants; panel b is displayed at a voxel-
wise threshold of p <0.001 (uncorrected for multiple comparisons) and k = 50 voxels and
includes 97 AD, 203 MCI, and 102 HC participants; panel c is displayed at a voxel-wise
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threshold of p <0.01 (uncorrected for multiple comparisons) and k = 50 voxels and includes
25 AD, 56 MCI, and 22 HC participants.
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Figure 3.

Functional MRI activation and deactivation patterns in Alzheimer's disease (AD), mild
cognitive impairment (MCI), and healthy control (HC) participants. This figure
demonstrates (a) patterns of activation in the medial temporal lobe and patterns of (b)
deactivation in the default mode network (DMN) during a memory task in patients with AD
and MCI, as well as HCs. (a) During a face-name encoding task, patients with AD showed
significantly reduced hippocampal activation relative to HCs and patients with MCI.
However, patients with MCI showed increased hippocampal activation relative to HCs. (b)
Upon initiation of an episodic encoding task, MCI and AD patients demonstrated altered
deactivation of the DMN, which includes the medial and lateral parietal lobes, medial and
lateral temporal lobes, and prefrontal cortex. However, these changes were different by
disease severity. Specifically, less impaired MCI patients [low CDR-Sum of Boxes score
(low SB)] demonstrated increased connectivity in the DMN relative to HC, whereas more
impaired MCI (high-SB) and AD patients showed decreased DMN connectivity relative to
HCs. Panel a is adapted with permission from Dickerson BC et al. 2005. Increased
hippocampal activation in mild cognitive impairment compared to normal aging and AD.
Neurology 65:404-11. Panel b is adapted with permission from Celone KA et al. 2006.
Alterations in memory networks in mild cognitive impairment and Alzheimer's disease: an
independent component analysis. J. Neurosci. 26:10222-31.
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Comparison of neuroimaging, cerebrospinal fluid (CSF), and cognitive measures relative to
the estimated age of symptom onset in patients with familial Alzheimer's disease (AD). The
relative difference between carriers of autosomal dominant AD mutations [mutation carriers
(MCs)] and noncarriers (NCs) in neuroimaging, CSF, and cognitive measures at multiple
time points prior to and after the estimated age of symptom onset is shown. Measures of
amyloid-beta (AB) appear to change earliest in MCs relative to NCs, followed by measures
of CSF tau, hippocampal atrophy, and glucose hypometabolism. All of the neuroimaging
and CSF biomarkers show alterations in MCs relative to NCs before the estimated age of
symptom onset. Reproduced from The New England Journal of Medicine, Bateman RJ et al.,
Clinical and biomarker changes in dominantly inherited Alzheimer's disease, 367, 795-804,
© 2012 Massachusetts Medical Society. Reprinted with permission from Massachusetts
Medical Society. CDR-SOB, Clinical Dementia Rating Scale, Sum of Boxes score.
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Figureb5.

Hypothetical model of biomarker change across the cascade of Alzheimer's disease (AD)
pathologic progression and clinical decline. This figure represents a theoretical framework
for the ordering and dynamic sensitivity of various AD biomarkers across the pathologic and
clinical AD spectrum. Specifically, this model suggests that the earliest neuropathological
changes occur with the accumulation of amyloid-beta (A), followed by neuronal injury and
dysfunction, then neurodegeneration, and finally cognitive and clinical decline. These
various stages can be monitored using known AD biomarkers, including monitoring of AB
accumulation with cerebrospinal fluid (CSF) and positron emission tomography (PET)
measures, neuronal injury and dysfunction with CSF tau measures, [*8F]fluorodeoxyglucose
PET, and potentially functional magnetic resonance imaging (MRI) measures,
neurodegeneration with structural MRI, and cognition and clinical decline with
psychometric and clinical testing. Reprinted from The Lancet Neurology, Volume 9(1), Jack
CR Jr et al., Hypothetical model of dynamic biomarkers of the Alzheimer's pathological
cascade, 119-28, copyright 2010, with permission from Elsevier. MCI, mild cognitive
impairment.
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Figure6.

Modulation of biomarker curves by genetics [apolipoprotein E (APOE) genotype] and
cognitive reserve. Factors such as genetic variations and cognitive reserve may shift the
hypothetical biomarker curves relative to age and disease stage. Genetic variation in the
APOE gene may shift the amyloid-beta (AB) and neurodegeneration curves, with (a)
individuals positive for APOE &4 showing a leftward shift (pathology occurring at an earlier
age) and/or (b) individuals negative for APOE €4 showing a rightward shift (pathology
occurring at a later age). (c) Other cognitive and/or health and lifestyle factors may also shift
these hypothetical curves, particularly the curve representing changes in cognition. Those
with low cognitive reserve and/or with a high number of medical comorbidities (C™) may
show a leftward shift of the cognition curve, whereas those with high cognitive reserve and/
or few medical comorbidities (C*) may show a rightward shift, relative to the initially
hypothesized cognition curve (C,). Reprinted from The Lancet Neurology, Volume 9(1),
Jack CR Jr et al., Hypothetical model of dynamic biomarkers of the Alzheimer's
pathological cascade, 119-28, copyright 2010, with permission from Elsevier. MR,
magnetic resonance imaging.
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