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Hypothetical model of dynamic biomarkers of the 
Alzheimer’s pathological cascade
Cliff ord R Jack Jr, David S Knopman, William J Jagust, Leslie M Shaw, Paul S Aisen, Michael W Weiner, Ronald C Petersen, John Q Trojanowski

Currently available evidence strongly supports the position that the initiating event in Alzheimer’s disease (AD) is 
related to abnormal processing of β-amyloid (Aβ) peptide, ultimately leading to formation of Aβ plaques in the brain. 
This process occurs while individuals are still cognitively normal. Biomarkers of brain β-amyloidosis are reductions 
in CSF Aβ42 and increased amyloid PET tracer retention. After a lag period, which varies from patient to patient, 
neuronal dysfunction and neurodegeneration become the dominant pathological processes. Biomarkers of neuronal 
injury and neurodegeneration are increased CSF tau and structural MRI measures of cerebral atrophy. 
Neurodegeneration is accompanied by synaptic dysfunction, which is indicated by decreased fl uorodeoxyglucose 
uptake on PET. We propose a model that relates disease stage to AD biomarkers in which Aβ biomarkers become 
abnormal fi rst, before neurodegenerative biomarkers and cognitive symptoms, and neurodegenerative biomarkers 
become abnormal later, and correlate with clinical symptom severity. 

Introduction
As recently as 2 to 3 decades ago, a compartmentalised 
model of Alzheimer’s disease (AD) was widely accepted. 
The view at that time was that people either had AD 
pathological changes, in which case they had dementia, 
or they did not have such changes and were cognitively 
normal. In the meantime, a revised view of the disease 
has been developed, in which both AD pathological 
processes and clinical decline occur gradually, with 
dementia representing the end stage of many years of 
accumulation of these pathological changes. An 
additional feature of the current view of AD is that these 
changes begin to develop decades before the earliest 
clinical symptoms occur. 

Biomarkers, both chemical and imaging, are indicators 
of specifi c changes that characterise AD in vivo. Evidence 
suggests that these AD biomarkers do not reach abnormal 
levels or peak simultaneously but do so in an ordered 
manner. Measurement of these biomarkers in longi-
tudinal observational studies is now commonplace, 
enabling investigators to establish the correct ordering of 
the relevant biomarkers and their relationships to clinical 
symptoms. 

For biomarkers of AD to be used eff ectively for disease 
staging, the time-dependent ordering of biomarkers must 
be thoroughly understood. This is particularly true since 
the introduction of clinical trials of disease-modifying 
therapies in which disease biomarkers play an increas-
ingly important part both as outcome measures and as 
inclusion criteria. We will review the fi ve most well 
validated AD biomarkers. We then propose a hypothetical 
model of the time-dependent ordering of onset and 
maxima of these biomarkers. The purpose of this paper is 
to off er this model as a conceptual construct within which 
research studies from diff erent disciplines can relate to 
one another through a common framework. The model 
suggests a series of testable hypotheses from which a 
clearer picture of the time-dependent trajectories of AD 
biomarkers relative to clinical disease stage and to each 
other can be derived.

AD clinical features and pathological changes
Dementia is the clinically observable result of the 
cumulative burden of multiple pathological insults in the 
brain. Most elderly patients with dementia have multiple 
pathological changes underlying their dementia; however, 
the most common pathological substrate is AD.1,2 

The clinical disease stages of AD have been divided 
into three phases. First is a pre-symptomatic phase in 
which individuals are cognitively normal but some have 
AD pathological changes. To some extent, labelling these 
individuals as having pre-symptomatic AD is a hypothesis 
rather than a statement of fact, because some of these 
individuals will die without ever expressing clinical 
symptoms.3–5 The hypothetical assumption is that an 
asymptomatic individual with pathological changes that 
are indicative of AD would ultimately have become 
symptomatic if he or she lived long enough. Second is a 
prodromal phase of AD, commonly referred to as mild 
cognitive impairment (MCI),6 which is characterised by 
the onset of the earliest cognitive symptoms (typically 
defi cits in episodic memory) that do not meet the criteria 
for dementia. The severity of cognitive impairment in the 
MCI phase of AD varies from the earliest appearance of 
memory dysfunction to more widespread dysfunction in 
other cognitive domains. The fi nal phase in the evolution 
of AD is dementia, defi ned as impairments in multiple 
domains that are severe enough to produce loss of 
function. 

Recent recommendations have suggested redefi ning 
research criteria for AD by labelling individuals with 
memory impairment plus accompanying biomarker 
evidence of AD as having early AD.7 These investigators 
propose eliminating the distinction between pre-dementia 
(ie, MCI) and dementia, but this is not uniformly accepted 
because the label “dementia” serves a practical role in 
clinical practice. A clinical diagnosis of dementia is a 
clear indication to both the patient and family that the 
patient has a disorder that precludes independent living 
and has a decidedly worse prognosis than do milder 
forms of cognitive impairment, and implies that he or 
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she is on an inevitable course toward complete loss of 
independence.

The concept of using biomarkers for early diagnostic 
purposes has a long history, with many studies showing 
that AD biomarkers can be used to predict conversion 
from MCI to AD. These prediction studies show that 
individuals destined to develop AD can be identifi ed earlier 
in the disease course by use of the MCI designation with 
the addition of imaging and CSF biomarkers to enhance 
diagnostic specifi city.8–13 However, at present, the clinical 
diagnosis of AD requires the presence of dementia.14

A widely accepted assumption is that AD begins with 
abnormal processing of amyloid precursor protein (APP), 
which then leads to excess production or reduced 
clearance of β-amyloid (Aβ) in the cortex.15 All known 
forms of autosomal-dominant AD involve genes that 
either encode APP itself, or encode protease subunits 
(PS1 and PS2) that are involved in the cleavage of Aβ from 
APP to generate amyloidogenic Aβ peptides. By unknown 
mechanisms, but possibly as a result of the toxic eff ects of 
Aβ oligomers,16 one or more forms of Aβ leads to a cascade 
characterised by abnormal tau aggregation, synaptic 
dysfunction, cell death, and brain shrinkage.17 

The abnormal protein deposits that characterise AD 
pathologically are well known: Aβ plaques and neuro-
fi brillary tangles (NFTs) formed by hyperphosphorylated 
tau. Neurodegeneration is as important as these hallmark 
pathological lesions of AD, and manifests as atrophy, 
neuron loss, and gliosis, which are routinely noted in 
research post-mortem examinations. Although the loss 
of synapses also is highly signifi cant for the clinical 
manifestations of AD, this is diffi  cult to assess without 
the use of labour-intensive morphometric methods, so it 
is not routinely measured in most AD research centres. 
Neurodegeneration and NFT deposition are both 
neuronal processes and occur in roughly the same 
topographic distribution. Aβ plaques are extracellular 
and occur in a diff erent, but to some degree overlapping, 
topographic distribution from NFT and neurodegen-
erative pathological changes. 

Clinical symptoms are more closely related to NFTs 
than to plaque formation.18,19 However, the most direct 
pathological substrate of clinical symptoms is 

neurodegeneration, and most specifi cally synapse loss.20 
Recent autopsy data have confi rmed that gross cerebral 
atrophy (indicating the loss of synapses and neurons), 
and not Aβ or NFT burden, is the most proximate 
pathological substrate of cognitive impairment in AD.5 

Biomarkers of AD
Biomarkers are variables (physiological, biochemical, 
anatomical) that can be measured in vivo and that 
indicate specifi c features of disease-related pathological 
changes. We have used the term “biomarker” to denote 
both imaging and biospecimen (ie, CSF) measures. We 
will focus on the fi ve most widely studied biomarkers of 
AD pathology, based on the current literature: decreased 
CSF Aβ42, increased CSF tau, decreased fl uorodeoxyglucose 
uptake on PET (FDG-PET), PET amyloid imaging, and 
structural MRI measures of cerebral atrophy. Each of 
these fi ve biomarkers is well validated enough to be used 
in currently active therapeutic trials and large multisite 
observational studies. Other potential AD biomarkers are 
summarised elsewhere,21,22 and are not discussed here. 
We briefl y review the evidence supporting the position 
that each of these biomarkers is an in vivo indicator of a 
specifi c aspect of AD pathology (panel). 

Biomarkers of Aβ-plaque deposition 
Both CSF Aβ42 and amyloid PET imaging are biomarkers 
of brain Aβ plaque deposition. Nearly all patients who 
have a clinical diagnosis of AD have positive amyloid 
imaging studies.23–25 Excellent correspondence has been 
seen between Pittsburgh compound B (PiB) binding and 
fi brillar Aβ deposition in the brain (or cerebral 
vasculature) in most,26,27 but not all,28 patients who have 
undergone ante-mortem PiB-PET imaging and autopsy. 
PiB specifi cally binds to fi brillar Aβ, and not to soluble 
Aβ or to diff use plaques.26,27 Low concentrations of 
CSF Aβ42 correlate with both the clinical diagnosis of 
AD and Aβ neuropathology at autopsy.29–31 Nearly 100% 
concordance is present between abnormally low CSF 
Aβ42 and positive PiB amyloid imaging fi ndings in 
patients who have undergone both tests.32–35 The evidence 
therefore strongly supports the notion that both amyloid 
imaging and low CSF Aβ42 are valid biomarkers of brain 
Aβ-plaque load. 

Biomarkers of neurodegeneration 
CSF tau is an indicator of tau pathological changes and 
associated neuronal injury. Although phosphotau might 
be a more specifi c indicator of AD, concentrations of 
both phosphotau and total tau increase in AD.36 Increased 
CSF tau is not specifi c for AD, but does correlate with 
clinical disease severity, with higher concentrations 
associated with greater cognitive impairment in 
individuals on the normal–MCI–AD cognitive spectrum.37 
In general, increases in CSF tau seem to indicate 
neuronal damage, and are seen in ischaemic and 
traumatic brain injury.38,39 In AD, increased tau in the 

Panel: Imaging and CSF biomarker categories 
in Alzheimer’s disease

Brain Aβ-plaque deposition
• CSF Aβ1–42

• PET Aβ imaging

Neurodegeneration
• CSF tau
• Fluorodeoxyglucose-PET
• Structural MRI 

Aβ=β-amyloid.
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CSF is thought to occur as a direct result of tau 
accumulation in neurons, particularly axons; this disrupts 
neuronal activity and causes release into the extracellular 
space of cytoskeletal elements, including tau, which then 
appear in the CSF.40,41 Increased CSF tau correlates with 
the presence of NFTs at autopsy.42 Of note, for reasons 
that remain elusive, similar increases in CSF tau are not 
seen in pure tauopathies such as progressive supranuclear 
palsy (PSP) and corticobasal degeneration (CBD), despite 
the fact that the brains of patients with CBD often show 
far more tau accumulation than do the brains of patients 
with AD at autopsy.43,44 This might suggest that 
extracellular Aβ plaques have an eff ect on the clearance 
of tau released from degenerating neurons in AD, that 
diff erent species of pathological tau are involved in AD 
versus CBD and PSP, or that other factors render tau 
more readily diff usible and less degradable in AD versus 
CBD and PSP.45

FDG-PET is used to measure net brain metabolism, 
which, although including many neural and glial 
functions, largely indicates synaptic activity.46,47 Brain 
glucose metabolism measured with FDG-PET is highly 
correlated with post-mortem measures of the synaptic 
structural protein synaptophysin.48 In the context of AD, 
decreased FDG-PET uptake is an indicator of impaired 
synaptic function. FDG-PET studies in patients with AD 
show a specifi c topographic pattern of decreased glucose 
uptake in a lateral temporal-parietal and posterior 
cingulate, precuneus distribution.49 Correction for 
cortical atrophy in patients with AD leaves metabolism 
still diminished.50 Greater decreases in FDG uptake 
correlate with greater cognitive impairment along the 
continuum from normal cognitive status to MCI to AD 
dementia.51 Combined imaging and autopsy studies 
show good correlation between the ante-mortem 
FDG-PET diagnosis of AD and post-mortem 
confi rmation.52 In cognitively normal elderly individuals, 
correlations are seen between decreased FDG-PET 
uptake and both low CSF Aβ and increased CSF tau.53 
Together, these data indicate that FDG-PET uptake is a 
valid indicator of the synaptic dysfunction that 
accompanies neurodegeneration in AD. 

Structural MRI can provide measures of cerebral 
atrophy, which is caused by dendritic pruning and loss of 
synapses and neurons.54 Volumetric or voxel-based 
measures of brain atrophy show a strong correlation 
between the severity of atrophy and the severity of 
cognitive impairment in patients along the continuum 
from normal cognitive status to AD dementia.55 Thus, 
rates of neuronal and synaptic loss indicated by the 
progressive rate of brain atrophy correlate with rates of 
cognitive decline.56 Atrophy on MRI is not specifi c for 
AD, but the degree of atrophy correlates well with Braak 
staging at autopsy.57–59 Additionally, the topographic 
distribution of atrophy on MRI maps well onto Braak’s 
staging of NFT pathology in patients who have undergone 
ante-mortem MRI and post-mortem AD staging.60

Temporal ordering of biomarker abnormalities
A crucial element of biomarker-based staging of AD is 
the notion of temporal ordering of diff erent biomarkers. 
The model that we propose, which relates pathological 
stage to AD biomarkers, is based on a largely biphasic 
view of disease progression.61,62 In this model, biomarkers 
of Aβ deposition become abnormal early, before 
neurodegeneration and clinical symptoms occur. 
Biomarkers of neuronal injury, dysfunction, and 
neurodegeneration become abnormal later in the disease. 
Cognitive symptoms are directly related to biomarkers of 
neurodegeneration rather than biomarkers of Aβ 
deposition. We examine evidence to support these 
time-dependent assumptions, beginning with evidence 
that biomarker abnormalities typically precede clinical 
symptoms.

Biomarker abnormalities precede clinical symptoms
Approximately 20–40% of cognitively normal elderly 
people have evidence of signifi cant brain Aβ-plaque 
deposition, either from amyloid imaging or CSF Aβ42 
concentrations.37,63–66 These data on Aβ imaging and CSF 
biomarkers are in agreement with autopsy studies that 
also show an AD pathological burden suffi  cient to meet 
criteria for a diagnosis of AD in roughly the same 
proportion of cognitively normal elderly individuals.3–5 
These data support the principle that the presence of 
Aβ-plaque deposition alone, even in substantial quantities, 
is not suffi  cient to produce dementia, and that abnormalities 
in biomarkers of Aβ deposition precede clinical/cognitive 
symptoms.67–71 This principle is clearly illustrated by data 
from the individual in fi gure 1B who was cognitively 
normal with no evidence of atrophy on MRI, but had a 
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Figure 1: Illustration of biomarker staging of Alzheimer’s disease
Three elderly individuals are placed in order from left to right by use of our proposed biomarker staging scheme. 
(A) A cognitively normal individual with no evidence of Aβ on PET amyloid imaging with PiB and no evidence of 
atrophy on MRI. (B) A cognitively normal individual who has no evidence of neurodegenerative atrophy on MRI, 
but has signifi cant Aβ deposition on PET amyloid imaging. (B) An individual who has dementia and a clinical 
diagnosis of Alzheimer’s disease, a positive PET amyloid imaging study, and neurodegenerative atrophy on MRI. 
Aβ=β-amyloid. PiB=Pittsburgh compound B. 
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highly abnormal PiB study. Calculated rates from serial 
PiB imaging studies indicate that Aβ-plaque accumulation 
in individuals destined to become demented might begin 
as much as two decades before the manifestation of clinical 
symptoms.62 We note that both Aβ deposition and NFTs 
can be present in individuals with no symptoms. However, 
the presence of NFTs in asymptomatic individuals tends to 
be confi ned to the entorhinal cortex, Braak stage I–II, 
whereas NFTs in symptomatic individuals are far more 
widespread.3–5,72 By contrast, Aβ-plaque deposition can be 
widespread in clinically asymptomatic individuals.

There is strong evidence that MRI, FDG-PET, and CSF 
tau biomarkers are already abnormal in patients who are 
in the MCI phase of AD.37,51,73–75 Abnormalities in neuro-
degenerative AD biomarkers also precede the appearance 
of the fi rst cognitive symptoms. Of the three 
neurodegenerative biomarkers, evidence that FDG-PET 
abnormalities precede any cognitive symptoms in 
individuals who later progress to AD is probably the 
strongest.76,77 However, rates of atrophy on MRI do 
become abnormal in cognitively normal individuals who 
later progress to AD.78–80 Thus, the available data strongly 
support the conclusion that abnormalities in both Aβ 
and neurodegenerative biomarkers precede clinical 
symptoms.

Aβ biomarker abnormalities precede neurodegenerative 
biomarker abnormalities
The rate of MRI atrophy on serial imaging studies is 
greatest in patients with a clinical diagnosis of AD, least 
in cognitively normal individuals, and intermediate in 
those with a clinical diagnosis of MCI. By contrast, rates 
of change in PiB retention over time are just slightly 
greater than zero for all these three clinical groups, and 
do not diff er by clinical group.62 Thus, in patients who are 
rapidly declining clinically (ie, patients with AD) MRI 
rates map well onto simultaneous cognitive deterioration, 

whereas rates of change in PiB do not.62,81 Similarly, CSF 
Aβ does not change signifi cantly over time in patients 
with AD. Rates of brain atrophy correlate well with 
pathological indices of NFTs and other neurodegenerative 
changes, but do not correlate with severity of Aβ 
deposition at autopsy.82 Cognitively normal individuals 
with positive Aβ imaging studies might have normal 
structural MRI studies, implying that a substantial Aβ 
load can accumulate with no immediate eff ect on gross 
brain structure or cognition (fi gure 1).83 In a modelling 
study inferring cause and eff ect, Mormino and 
colleagues84 found that the direct substrate of memory 
impairment was hippocampal atrophy on MRI, and not 
Aβ deposition as measured by PiB imaging. Frisoni and 
colleagues85 also placed amyloid deposition before MRI 
changes in the sequence of events. These fi ndings 
support the conclusion that an abnormality in biomarkers 
of Aβ-plaque deposition is an early event that nears a 
plateau before the appearance of both atrophy on MRI 
and cognitive symptoms, and remains relatively 
static thereafter. By contrast, abnormalities in neuro-
degenerative biomarkers on MRI accelerate as symptoms 
appear, and then parallel cognitive decline. 

Neurodegenerative biomarkers are temporally ordered
Available evidence suggests that FDG-PET changes 
might precede MRI changes.77,86,87 Up to this point, we 
have discussed the temporal ordering of AD biomarkers 
from the perspective of which biomarker becomes 
abnormal earlier during the progression of AD. However, 
the order in which the dynamic range of biomarkers 
approaches its maximum is also relevant to the discussion 
of biomarker ordering. MRI and CSF tau correlate well 
with cognition if individuals who span the entire cognitive 
spectrum (controls, MCI, and AD) are combined. 
However, among patients with MCI or AD alone, 
correlations with measures of general cognition are 
strong with structural MRI, but are not signifi cant with 
CSF tau.88 These data are consistent with studies 
indicating that CSF tau does not change appreciably over 
time in cognitively impaired patients.89,90 Furthermore, 
although both MRI and CSF tau are predictive of future 
conversion from MCI to AD, the predictive power of 
structural MRI is greater.91 These fi ndings imply that the 
correlations between cognition and CSF tau weaken as 
patients progress into the mid and late stages of the 
clinical AD spectrum. Conversely, structural MRI 
measures of atrophy retain a highly signifi cant correlation 
with observed clinical impairment in both the MCI and 
dementia phases of AD. Moreover, rates of atrophy on 
MRI are signifi cantly greater in patients with AD than in 
cognitively normal elderly individuals.92 This body of 
literature implies that MRI atrophy is a later event in AD 
progression, preceded by abnormalities in CSF tau and 
FDG-PET, and that MRI retains a closer correlation with 
cognitive symptoms later in disease progression than 
does CSF tau.
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Figure 2: Dynamic biomarkers of the Alzheimer’s pathological cascade 
Aβ is identifi ed by CSF Aβ42 or PET amyloid imaging. Tau-mediated neuronal injury and dysfunction is identifi ed by 
CSF tau or fl uorodeoxyglucose-PET. Brain structure is measured by use of structural MRI. Aβ=β-amyloid. MCI=mild 
cognitive impairment. 
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Use of biomarkers to stage AD in vivo
Autopsy studies have been, and will continue to be, 
essential in uncovering the biological basis of the clinical 
symptoms in AD. However, by defi nition, autopsy studies 
are unable to provide clinical–histological correlations 
during life, when pathological changes actually occur, 
resulting in an inability to isolate relationships between 
time-dependent histological changes and clinical/
cognitive consequences. This point underlies the value of 
using biomarkers in the staging of disease.

On the basis of the evidence presented above, we 
propose the use of specifi c AD biomarkers for disease 
staging in vivo. The disease model and biomarker staging 
are shown in fi gure 2, which embodies the following set 
of principles. First, the biomarkers become abnormal in 
a temporally ordered manner as the disease progresses. 
Second, Aβ-plaque biomarkers are dynamic early in the 
disease, before the appearance of clinical symptoms, and 
have largely reached a plateau by the time clinical 
symptoms appear. Third, biomarkers of neuronal injury, 
dysfunction, and degeneration are dynamic later in the 
disease and correlate with clinical symptom severity. 
Fourth, MRI is the last biomarker to become abnormal; 
however, MRI retains a closer relationship with cognitive 
performance later into the disease than other bio-
markers.88,91 Fifth, none of the biomarkers is static; rates 
of change in each biomarker change over time and follow 
a non-linear time course, which we hypothesise to be 
sigmoid shaped. Non-linearity has been clearly shown in 
MRI studies, in which atrophy rates accelerate as patients 
approach clinical dementia.93,94 A sigmoid shape as a 
function of time implies that the maximum eff ect of each 
biomarker varies over the course of disease progression.95 
Comprehensive biomarker-based staging of disease in an 
individual at a given point in time should be possible 
from measures of the magnitude and slope (ie, rate of 
change) of several diff erent biomarkers (fi gure 3). Sixth, 
anatomical information from imaging biomarkers 
provides crucial disease-staging information. Similar to 
NFT accumulation, cerebral atrophy, for example, begins 
in medial temporal limbic areas and spreads from there 
to adjacent limbic and paralimbic areas and later to the 
isocortical association cortex.96 Therefore, at a given 
timepoint, diff erent brain areas will be at diff erent stages. 
In any given area of an individual’s brain there might be 
an amyloid phase, a neuronal dysfunction phase, etc, and 
this will occur in an anatomical order (fi gure 4). This 
implies an advantage for imaging biomarkers over fl uid 
biomarkers, because imaging can resolve the diff erent 
phases of the disease both temporally and anatomically. 
Finally, a feature of this biomarker model of AD is the 
presence of a lag phase of unknown duration between 
Aβ-plaque formation and the neurodegenerative cascade. 
Between-patient variation in the lag period between Aβ 
deposition and the neurodegenerative cascade is probably 
an indication of diff erences in Aβ processing, in the 
eff ects of abnormal Aβ processing on neuronal injury, 

and diff erences in brain resilience or cognitive reserve.97 
Other pathological changes, particularly cerebrovascular, 
α-synuclein, and TAR DNA-binding protein 43 
proteinopathy mechanisms, also contribute signifi cantly 
to between-individual variations in clinical disease 
expression.98 

Clinical trials
Our proposed model has implications for clinical trials. 
For example, it is rational to select patients for inclusion 
in trials of anti-Aβ therapies on the basis of biomarker 
evidence of the presence of Aβ in the brain by use of 
either amyloid PET imaging or CSF Aβ42. Although 
biomarkers of neurodegeneration correlate with clinical 
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Figure 3: Staging Alzheimer’s disease with dynamic biomarkers 
Disease stage based on biomarkers is described by the magnitude of the biomarker abnormality and its rate of 
change at a given point in time (t). This is illustrated by the following terms: A(t)=magnitude of the Aβ plaque 
biomarker at time t; SA(t)=slope of the Aβ plaque function at time t; N(t)=tau-mediated neuron injury at time t; 
SN(t)=slope of N(t); M(t)=MRI at time t; SM(t)=slope of M(t). Aβ=β-amyloid. 

Abnormal

Normal

Disease stage

Bi
om

ar
ke

r m
ag

ni
tu

de

FDG-PET
Posterior cingulate
Lateral temporal
Frontal
Structural MRI
Medial temporal
Lateral temporal
Frontal

Figure 4: Anatomical imaging information 
For simplicity in other fi gures, imaging biomarkers have been shown as individual curves. However, anatomical 
variation exists in the time courses within each imaging mode. For example, in FDG-PET, one would expect 
abnormalities to appear in the following order: precuneus/posterior cingulate, lateral temporal, and frontal lobe 
much later. Similarly, in structural MRI, one would expect abnormalities to appear in the following order: medial 
temporal, lateral temporal, and frontal lobe later. FGD=fl uorodeoxyglucose.
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and pathological severity, they are not specifi c for AD and 
thus should not take precedence over Aβ biomarkers as 
inclusion criteria for patients in anti-amyloid therapeutic 
trials (although an Aβ biomarker might be combined 
with MRI volumetrics to provide an indication of disease 
stage). Conversely, change in Aβ load over time has little 
relation to change in cognition in natural history studies. 
In addition, evidence of therapeutic plaque removal in 
patients who already have dementia does not seem to 
correlate with a change in the trajectory of cognitive 
deterioration (at least, not in every case examined).99 
Measures of the neurodegenerative portion of the cascade 
(eg, CSF tau, FDG-PET, or structural MRI) should 

therefore be used in therapeutic trials as evidence of 
therapeutic modifi cation of the neurodegenerative aspect 
of the AD pathological process. Therapeutic modifi cation 
of the slopes of clinical outcome measures is a common 
outcome metric used in clinical trials. A consideration in 
the use of biomarkers as co-primary outcome measures 
is the fact that the slopes (rates of change over time) of 
diff erent biomarkers vary over the course of the disease 
(fi gure 3). Ultimately, a combination of biomarkers might 
be needed in clinical trials to select appropriate 
participants and to follow disease progression. 

Caveats
We have attempted to integrate the fi ve most thoroughly 
validated biomarkers of AD pathology into a model that 
is supported by currently available data. We have used a 
best-fi t approach, realising that every published 
observation cannot neatly fi t into our (or any other) single 
idealised model of disease progression. The proposed 
biomarker model represents a model of typical disease 
progression. We certainly do not preclude the existence 
of individual deviations from this generic model. 

Although we have used the available evidence to 
support our model relating biomarkers to disease stage 
in AD, we recognise that some of the proposed 
relationships take the form of hypotheses rather than 
statements of fact. For example, although Aβ imaging 
and CSF Aβ are denoted as occurring simultaneously 
(fi gures 2, 3, and 5), it might be that one precedes or 
plateaus earlier than the other. The same logic applies to 
the timing relationships between FDG-PET and CSF tau. 
We have superimposed these curves in the current model 
not because there is good evidence to suggest that the 
curves should be identical, but because there is not good 
evidence at present to show that they are diff erent. We 
also acknowledge that temporal ordering among the 
neurodegenerative biomarkers might ultimately diff er 
from that in our proposed model.100 For example, recent 
data from Fagan and colleagues68 suggest that MRI 
atrophy might precede increases in CSF tau.

We recognise that well-validated biomarkers do not 
currently exist for some important features of the disease. 
This includes reliable chemical biomarkers of specifi c 
toxic oligomeric forms of soluble Aβ and imaging 
measures of soluble Aβ or diff use plaques. We are 
therefore not in a position to include in our model 
important mechanistic features such as the role of toxic 
Aβ oligomeric species and the timing of their appearance. 
The absence of PET ligands that specifi cally measure the 
burden of NFTs and other tau abnormalities also 
constitutes a serious gap in our current armamentarium 
of imaging biomarkers. Another shortcoming is the 
absence of a widely accepted biomarker for microglial 
activation. PET imaging ligands and the magnetic 
resonance spectroscopy metabolite myo-inositol have 
been proposed as potential biomarkers of glial 
activation;101,102 however, neither is widely used for this 
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Figure 5: Modulators of biomarker temporal relationships 
(A,B) Relative to a fi xed age (here, 65 years), the hypothesised eff ect of APOE ε4 is to shift β-amyloid plaque 
deposition and the neurodegenerative cascade both to an earlier age compared with ε4 non-carriers. (C) The 
hypothesised eff ect of the presence of diff erent diseases and genes on cognition: C−=cognition in the presence of 
comorbidities (eg, Lewy bodies or vascular disease) or risk amplifi cation genes; C+=cognition in patients with 
enhanced cognitive reserve or protective genes; Co=cognition in individuals without comorbidity or enhanced 
cognitive reserve. 
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purpose at present. Thus, our biomarker model of disease 
is just that—a model of the stages of disease that can be 
assessed with currently validated biomarkers, and not a 
comprehensive model of all pathological processes in AD. 
In this context, we acknowledge that all biomarker 
information about disease is limited by the inevitable 
fi lter imposed by detection sensitivity and measurement 
precision. Clearly, an in vivo measure is unlikely to be as 
sensitive to the underlying pathology as a detailed autopsy 
examination would be. 

An observation that does not fi t our model is that of 
Braak and Braak,72 who concluded that stage I–II 
(entorhinal) NFT changes precede isocortical Aβ changes, 
leading to the conclusion that NFT accumulation is the 
initiating event in AD.103 However, the following 
observations contradict this conclusion: (1) the genetics 
data in early-onset AD, which implicate disordered Aβ 
metabolism as the initiating event; (2) the fact that the 
fi nal pathological picture is identical between late-onset 
and early-onset AD cases; and (3) the fact that the major 
genetic risk factor of late-onset AD (APOE ε4) is 
implicated in disordered traffi  cking of Aβ peptide.104 

Observations that will need to be incorporated into 
future revisions of this model relate to evidence of 
disordered glucose uptake in cognitively normal young 
and middle-aged APOE ε4 carriers up to decades before 
disease-related clinical symptoms would be expected to 
appear.105,106 No consensus exists on the interpretation of 
these observations at this point. These fi ndings could 
be neurodevelopmental in origin or early indicators 
of AD.107,108

Conclusions
Our main objective was to provide a framework for 
hypothesis testing that relates temporal changes in AD 
biomarkers to clinical disease stage and to each other. 
The temporal relationships among the biomarkers and 
with clinical disease stage constitute an array of testable 
hypotheses. For example, carriers of APOE ε4 have an 
earlier age of onset of dementia than non-carriers,109 
and we hypothesise that APOE ε4 carriers will have a 
leftward (earlier in time) shift of both the Aβ-plaque 
and neurodegenerative biomarker cascades relative to 
non-carriers (fi gure 5).110 We also hypothesise that 
modifi ers of the relationship between Aβ pathological 
changes and their downstream eff ect on cognition 
might alter the lag time between Aβ-plaque deposition 
and cognitive decline (fi gure 5). For example, the 
cognitive decline curve might shift closer to the Aβ 
curve (to the left) in individuals with comorbidities (eg, 
vascular disease), whereas the cognitive decline curve 
would shift away from the amyloid curve (to the right) 
in individuals with enhanced cognitive reserve.97 
Similarly, as yet undiscovered neuroprotective genes 
might shift the cognitive decline curve to the right, 
away from the amyloid curve, whereas genes that 
amplify the eff ect of Aβ dysmetabolism on the 

neurodegenerative cascade might shift the cognitive 
decline curve closer to the amyloid curve. For example, 
recent genome-wide association studies have identifi ed 
new susceptibility loci involving CR1, CLU, and 
PICALM genes.111,112 Clusterin (apolipoprotein J) seems 
to regulate the toxicity and solubility of Aβ and might 
modify its clearance at the blood–brain barrier.111 CR1 
might also modify Aβ clearance.112 PICALM might be 
related to AD through a role in altering synaptic vesicle 
cycling or APP endocytosis.111 Finally, we anticipate that 
other diagnostic modalities (eg, functional MRI 
connectivity)113–115 will be added to this biomarker staging 
model as they mature. 
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