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5University of Pathology and Laboratory Medicine, and Institute on Aging, University of
Pennsylvania School of Medicine, Philadelphia, PA

Abstract
In 2010, the authors published a hypothetical model of the major biomarkers of Alzheimer’s
disease (AD). The model was received with interest because we described the temporal evolution
of AD biomarkers in relation to each other and to the onset and progression of clinical symptoms.
In the interim, evidence has accumulated that supports the major assumptions of this model.
Evidence has also appeared that challenges some of the assumptions underlying our original
model. Recent evidence has allowed us to modify our original model. Refinements include
indexing subjects by time rather than clinical symptom severity; incorporating inter-subject
variability in cognitive response to the progression of AD pathophysiology; modifications of the
specific temporal ordering of some biomarkers; and, recognition that the two major
proteinopathies underlying AD biomarker changes, Aβ and tau, may be initiated independently in
late onset AD where we hypothesize that an incident Aβopathy can accelerate an antecedent
tauopathy.

Introduction
The authors proposed a model of Alzheimer’s disease (AD) biomarkers that was intended to
be a framework for in vivo staging of AD. The model focused on the 5 most well-
established biomarkers of AD which we propose can be divided into two major categories:

1. Measures of brain Aβ deposition: These are cerebrospinal fluid (CSF) Aβ42 1–5

and position emission tomography (PET) amyloid imaging 6–8.

2. Measures of neurodegeneration where neurodegeneration is defined as progressive
loss of neurons or their processes (axons and dendrites) with a corresponding
progressive impairment in neuronal function. These are increased levels of CSF
total (t-tau) and phosphorylated (p-tau) tau 2, 4, 5, 9, hypo metabolism on FDG
PET10 and atrophy on structural MRI 11–16. FDG PET and MRI follow a modality
specific topology that is characteristic of AD.

The model was initially presented at the International Conference on Alzheimer’s Disease in
July 200917 and published in the January 2010 issue of Lancet Neurology 18. It was based
on evidence available at the time with the assumption that empirical evaluation was needed.
The purpose of this update is to review evidence addressing our model that has accumulated
since it was published and to propose modifications to the original model based on these
new data.

Our Original Model – Lancet Neurology 2010
Our AD biomarker model is predicated on the assumption that biomarkers reflect specific
pathophysiological processes. This is supported by various biomarker-autopsy correlation
studies. Low CSF Aβ42 19, 20 and uptake of amyloid PET tracers 21–24 correlate with
fibrillar Aβ deposits. It is difficult to disambiguate CSF tau and Aβ42 to neuropathology
correlations because unlike imaging, region to region correlations are not possible.
Elevations in t-tau 20 and p-tau 20, 25 correlate with neurofibrillary tangle (NFT) burden at
autopsy, and in AD p-tau and t-tau have very similar behavior 2, 26, 27. Atrophy on MRI
correlates with both neuron loss 28, 29 and Braak NFT stage 30–33, and does not correlate
with Aβ load measured by immunohistology34. Thus MRI is a measure of tau related
neurodegeneration. Antemortem FDG hypometabolism is also correlated to NFT burden and
not to plaque burden at autopsy 35.
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Our original AD biomarker model was intended to incorporate the following principles that
data available at the time suggested were true.

1. The major AD biomarkers become abnormal in a temporally ordered manner36–40.
CSF Aβ42 and amyloid PET are dynamic earliest followed by CSF tau and FDG
PET, then structural MRI, followed by clinical symptoms. Aβ biomarkers were
denoted as upstream and neurodegenerative biomarkers as downstream. The 2010
model (like our updated model) does not propose that one biomarker changes and
then stops, then the next one changes and then stops, etc. Rather the model assumes
that the maximum rate of change moves sequentially from one biomarker class to
the next, and, as the disease progresses all biomarkers become progressively more
abnormal simultaneously, albeit at rates that change over time in an ordered
manner.

2. Aβ dysregulation, which leads to plaque formation, is necessary but not sufficient
to produce the clinical AD syndrome. Cognitive decline is only loosely coupled to
the rate or magnitude of amyloid PET and CSF Aβ4239, 40, but is closely coupled
to the magnitude and rate of neurodegenerative biomarkers 41–43. This is true not
only in typical AD but also in atypical AD syndromes 44, 45.

3. Rates of alteration in each biomarker follow a non-linear temporal course 46, 47,
which we hypothesized to be sigmoid shaped with time.

4. A subject-specific lag in time exists between biomarker evidence of AD
pathophysiology and the emergence of cognitive impairment which is likely
mediated by differences in brain resiliency or cognitive reserve 48.

5. The added contributions of other brain pathophysiologies (vascular disease, Lewy
bodies, TDP-43 inclusions, etc.) that commonly co-occur in aging also contribute
significantly to inter-individual variations in clinical disease expression 49.

The biomarker model was summarized by a diagram (reproduced in Figure 1 18) showing all
biomarker values for a single prototypical individual with the vertical axis representing
severity of biomarker abnormality and the horizontal axis representing progression along the
AD pathophysiological pathway.

Empirical testing of basic features of the model can be approached along 2 lines – one,
addressing the order in which different biomarkers become abnormal with disease
progression over time, and the other, addressing the shapes of the biomarker curves as a
function of these same disease and temporal parameters. Below we review recent studies
that address these features of our model.

Recent evidence concerning the order in which biomarkers become abnormal
Buchave et al 26 followed 137 individual subjects for an average of 9.2 years after a baseline
CSF analysis. All subjects carried a diagnosis of mild cognitive impairment (MCI) at
baseline and progressed to a diagnosis of AD dementia. They found that CSF Aβ42 was
fully abnormal 5–10 years or more prior to dementia diagnosis. In contrast, both CSF t-tau
and p-tau became progressively more abnormal as the time to diagnosis of dementia
decreased. P-tau and t-tau behaved identically over time. Figure 2 is reproduced from
Buchave et al 26.

The authors evaluated temporal ordering of CSF biomarkers and structural MRI in 401
elderly cognitively normal (CN), MCI and AD dementia subjects from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) 50. Temporal ordering would be implied if one
biomarker was abnormal more often than another earlier in the course of the disease. Within
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each clinical group CSF Aβ42 was abnormal more often than t-tau or hippocampal volume.
CSF t-tau was more abnormal than hippocampal volume only within CN subjects (Fig 3) 50.

Lo et al 51 examined rates of change in CSF Aβ42, FDG uptake, and hippocampal volume in
819 ADNI subjects. They concluded that the longitudinal biomarker patterns support a
sequence in which amyloid deposition is an early event that precedes hypometabolism or
hippocampal atrophy.

Forster et al 52 followed 20 mild AD subjects with longitudinal FDG PET and amyloid PET.
They found little change in the anatomic extent of amyloid PET over time, whereas FDG
PET hypometabolism expanded significantly. They concluded that by the time subjects were
demented, amyloid deposition was relatively static while the expansion of FDG
hypometabolism was an ongoing process.

Landau et al 53 examined associations between amyloid PET, hypometabolism on FDG
PET, and retrospective longitudinal cognitive measurements in 426 ADNI subjects. They
concluded that “amyloid deposition has an early and subclinical impact on cognition that
precedes metabolic changes,” and that hypometabolism becomes more pronounced later in
the course of the disease when it is closely linked temporally to overt cognitive symptoms.

Recent reports from the dominantly inherited Alzheimer’s network (DIAN) 54 and studies in
Columbian kindred carriers of a PS1 mutation 55 support the concept of a protracted
preclinical period during which time biomarkers become abnormal sequentially while
subjects remain clinically asymptomatic. In addition, the DIAN results suggest that CSF
Aβ42 may become abnormal before amyloid PET with CSF Aβ42 initially starting at high
levels followed by a progressive decline 54. DIAN results also suggest that tau becomes
abnormal before FDG PET and that FDG PET and MRI become abnormal in close temporal
proximity to each other (Fig 4) 54.

In summary, the evidence reviewed above that has accumulated since our model18 was first
published clearly supports the general temporal ordering framework of our model where
amyloid biomarkers become abnormal first then biomarkers of neurodegeneration, followed
by clinical symptoms.

Recent evidence concerning the shapes of biomarker curves
In our model 18, we proposed that AD biomarker curves assume a sigmoidal shape as a
function of time. A sigmoid shape implies an initial period of acceleration and later
deceleration. Our reasoning was based on imaging, biofliud39, 56 and autopsy 36 data
available at the time. Following publication of our model in 2010, several studies have
evaluated the shape of biomarker curve trajectories in populations.

Caroli, et al57 analyzed cross-sectional data in 576 ADNI subjects. They found that baseline
hippocampal volume, CSF Aβ42, and CSF tau data were better modeled as a function of
worsening cognition with sigmoid-shaped curves compared to linear fits.

Sabuncu, et al58 and Schuff et al 59 independently examined brain atrophy rates in ADNI
participants. Both found that atrophy rates in some brain regions exhibit early acceleration
followed by deceleration which is consistent with a sigmoid shaped trajectory, however rates
of change in other areas did not seem to plateau. Both emphasized that atrophy does not
affect all areas of the brain simultaneously but rather in a staged manner.

Several of us recently evaluated the shapes of the trajectories of CSF Aβ42 and t-tau;
amyloid and FDG PET imaging, and structural MRI in 897 subjects from the Mayo Clinic
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Study of Aging and ADNI combined 60. In at least one of several models we evaluated,
baseline adjusted hippocampal volume, amyloid PET and FDG PET data showed evidence
of reaching a plateau as MMSE worsened, which is consistent with a sigmoid shaped
trajectory.

We modeled the temporal trajectory of Aβ amyloid accumulation using serial amyloid PET
imaging in 260 subjects spanning the cognitive continuum from the Mayo Clinic61. We
found a sigmoidal relationship between amyloid load and time. The same finding was
recently reported from the Australian Imaging, Biomarkers and Lifestyle study of aging 62.
Thus a sigmoid shaped trajectory with respect to time was replicated in two large
independent cohorts using different amyloid PET ligands.

In summary, evidence from several sources indicates that amyloid biomarkers do follow a
sigmoid shaped trajectory over time and approach a plateau. There is some evidence that
FDG PET and some MRI atrophy measures follow a sigmoid shaped trajectory. Some of the
evidence cited above implies that in our original model the MRI and FDG curves should
have been constructed with slopes that are not parallel to the amyloid biomarker curve and
continue to change significantly through the dementia phase of the disease (Fig 1).

The sigmoid curves our model proposes for AD biomarker changes are reminiscent of
sigmoidal curves for in vitro tau 63 and Aβ peptide 64 amyloid fibrillization assays, which
prompts the intriguing speculation that these biomarker changes reflect the pathological
formation of tau and Aβ amyloid fibrils.

Challenges encountered in empirical testing of our model
Modeling AD in elderly populations where non-AD pathophysiology is common

Our hypothetical model 18 was intended to model pure AD which in late onset disease is
most likely an abstraction as AD pathophysiology usually co-exists with other pathologies
particularly cerebrovascular disease and synucleinopathy although hippocampal sclerosis,
TDP-43 and potentially non-AD tauopathies such as agyrophyllic grain disease are also
important contributors 65–70. Non-AD pathophysiology presents two closely related
conceptual challenges to empiric AD biomarker modeling in the elderly; 1), the high
prevalence of elderly individuals with 2 or more co-occurring pathophysiological processes
one of which is AD; 2), the presence of individuals who have predominately a non-AD
pathophysiological process. One solution to the confounding problem of non-AD
pathophysiologies in elderly cohorts 50, 58, 60, 71 is to analyze the subset of participants who
are AD biomarker positive in order to screen out subjects who are not in the AD
pathophysiological pathway. That approach does suggest the need for different thresholds
for biomarker positivity, lenient thresholds to identify subjects who have just entered the AD
pathway, and more stringent thresholds for clinical use as diagnostics 72.

Definition of the vertical axis: scaling biomarker abnormalities
Our model 18 was designed to have quantifiable horizontal and vertical axes (Fig 1) – thus
permitting empirical testing of its validity. We constructed the vertical axis on a minimum to
maximum scale (Fig 1), so that each biomarker is scaled in relation to its own full dynamic
range from values found in completely unaffected individuals to maximally abnormal
values. This approach will work well if subjects in end stage dementia are studied.

Definition of the horizontal axis
Identifying appropriate units for the horizontal axis has been problematic in empiric testing.
In our original model we placed progressive clinical disease stage on the horizontal axis (Fig
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1). While it is certainly true that every subject who develops AD dementia exhibits
progressive cognitive decline, indexing subjects on the horizontal axis by clinical disease
stage or continuous measures of cognitive impairment has proved to be a flawed approach
for several reasons. 1) Important pathophysiological changes occur in the preclinical phase
which may constitute half or more of the total disease duration and it is in the preclinical
stage that measures of cognitive decline are most imprecise. 2) Inter-subject variation in
cognitive reserve obscures the relationship between pathophysiological severity and
cognitive performance 73–78. 3) Cognitive impairment in the elderly occurs in the context of
other common age related brain pathologies and non-AD pathophysiologies modulate the
specific relationship between AD pathophysiology and cognitive impairment in
unpredictable ways on an individual basis.

Possible solutions to forming the horizontal axis: “distance traveled along the
pathophysiological pathway”

The ideal data set with which to model AD biomarker trajectories would consist of all
biomarkers obtained at multiple sampling points in many representative individuals
followed prospectively for decades beginning in middle age. It will take decades to acquire
these data. In the interim, modeling will have to be performed in a piece-wise fashion from
data in individual subjects who are at various stages in the disease. In order of increasing
validity such approaches include: purely cross sectional data; cross sectional imaging with
longitudinal clinical follow up; short term (3–5 years) concurrent serial imaging and clinical
assessments. All of these approaches require that individual subjects’ data be placed in an
appropriate order along a logical notion of the distance traveled along the AD
pathophysiological pathway. Some recent examples are discussed below.

Forming the horizontal axis as time in years relative to an anchoring event—
Buchhave et al 26 and Knopman et al 79 used an incident clinical diagnosis (of either
dementia or MCI) as the anchoring event and then compared biomarker and clinical
trajectories in units of time relative to this event. The dominantly inherited Alzheimer’s
network study 80 has used the age of onset of dementia in the affected parent as the temporal
anchor for mutation carriers thus permitting estimates of the longitudinal behavior of clinical
and biomarker metrics prior to estimated onset of symptoms.

Donohue et al 81 modeled long term biomarker trends from short term within subject data in
ADNI using shape invariant modeling that places time on the x axis. These methods can
model subject-specific rescaling and shifting of time in data sets with no specific common
anchoring event such as incident dementia.

Novel composite horizontal axes that capture the latent trait descriptors of the
underlying AD pathophysiological process—Jednyak et al 82 and Mungas et al 83

have combined multiple biomarkers in a nonlinear fashion to represent the entire disease
spectrum with a single horizontal-axis metric which can be thought of as a latent trait 83.
Each biomarker contributes to this single latent trait metric, with greater weighting where it
is most dynamic in the disease spectrum.

Model Revision
Figure 5 is a revised version of our original 2010 model that incorporates new findings and
also addresses some of the shortcomings described in the preceding paragraphs. While our
revised model (Fig 5) has many similarities with our 2010 model (Fig 1), differences do
exist. These are:
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1. In our revised model (Fig 5) the horizontal axis is expressed as time, not clinical
disease stage. The absolute time in years required to traverse the disease pathway
from left to right as well as the specific age at which a person enters the disease
pathway will vary among individuals.

2. A range of possible cognitive outcomes is illustrated at given positions along the
horizontal axis. This reflects the fact that individual subjects respond to AD
pathophysiology uniquely75, 76. Subjects who are at high risk of cognitive
impairment due to AD pathophysiology are shown in both panels of Figure 5 with a
cognitive response curve that is shifted to the left in time. Such high-risk subjects
may harbor more genetic risk alleles, have low cognitive reserve, pursue lifestyles
that increase the likelihood for cognitive impairment or have other co-morbid brain
pathologies. In contrast, low-risk subjects with a protective genetic profile, high
cognitive reserve and the absence of co-morbid brain pathologies and low lifestyle
risks for dementia can co-exist with substantial AD pathophysiology and still
maintain normal cognitive function. Thus cognitive response in Figure 5 is
illustrated as a zone with low and high risk borders.

3. The revised model includes modifications of the specific ordering of some
biomarkers based on recent reports described above. CSF Aβ42 has been moved
before amyloid PET, which is followed by CSF tau. FDG PET and MRI are drawn
coincidentally as the last biomarkers to become abnormal, but the 2 biomarkers that
track most closely with progressive cognitive impairment.

4. All biomarkers are still configured as sigmoids, but the shapes of the sigmoid
curves are no longer identical. The curves have a progressively steeper slope in the
right-hand tail for later changing biomarkers.

5. The biomarker curves are drawn closer together indicating less distinct temporal
separation.

Biomarkers vs. histopathology: Autopsy evidence that tau pathophysiology can precede
AB

Ours is a model of the temporal evolution of AD biomarkers in relation to each other and to
the progression of clinical symptoms. While biomarkers do reflect the specific
pathophysiological processes that they measure, the sensitivity of histopathological assays is
almost certainly greater than that of in vivo biomarkers. This review addresses three
different concepts that should be kept distinct: biomarkers of AD pathophysiology;
histopathology that can be measured at autopsy; and, pathophysiological processes that are
not accurately measureable yet with either biomarkers or histopathology, e.g. detection of
various oligomeric forms of Aβ.

One of the most important criticisms of our AD biomarker model was that it failed to
account for the fact that tau pathology appears at a younger age than Aβ amyloid plaques in
some individuals 84. Indeed, since our model was published, Braak and Del Tredici85

published a study using AT8 immunostaining in autopsy cases under 30 years old. AT8 is a
phosphorylation specific anti-tau monoclonal antibody that recognizes pathologically
phosphorylated tau at Ser202. AT8 positive pretangles (i.e. positively stained perikarya)
were found in a high proportion of young individuals (as young as 6 years old) in select
subcortical and brainstem nuclei and the entorhinal cortex. Based on youngest age of
appearance, Braak and Del Tredici85 propose that the location where tau pathology begins is
the locus coeruleus. It then spreads to other brainstem nuclei and to the entorhinal cortex,
perhaps by direct cell-to-cell transmission 86, 87.
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Braak and Del Tredici85 therefore propose that subcortical tau deposition is the starting
point of the AD pathophysiological cascade, beginning as early as the first decade of life. An
alternative point of view, however, posits that since the AT8 staining tauopathy occurs in
such a high proportion of clinically asymptomatic young individuals, this does not represent
the beginning of the AD pathophysiological cascade, but instead a variant of aging that does
not inevitably lead to cognitive impairment. Or it may lead to subtle cognitive impairment
but not AD dementia.

The amyloid hypothesis 88 assumes serial causal events, with abnormal elevations in Aβ
causing tau hyperphosphorylation89. Small and Duff 89, however, have suggested that tau
hyper-phosphorylation and Aβ elevation may be independent pathophysiological processes
that share a common upstream etiology. Mesulam90 specifically suggested that prolonged
exposure to upregulation of cellular activity related to neural plasticity could represent the
common upstream etiology for both tau hyper-phosphorylation and Aβ elevation. In an
editorial accompanying the Braak and Del Tredici85 paper, Duyckaerts91 also suggested that
tau and Aβ could be independent processes, but with pathogenic synergy.

Model incorporating tau and Aβ as independent processes
We have 2 sets of evidence that on the surface seem contradictory: 1) multiple independent
sources of AD biomarker evidence in the elderly and in young mutation carriers indicating
that the sequence of events depicted by these biomarkers is Aβ pathophysiology first, then
tau related neurodegeneration, 2) autopsy data 85 in young individuals indicating that AD-
like tauopathy precedes Aβ deposition. One way to integrate these apparently conflicting
data into a coherent model of disease is a variation on the theme of tauopathy and Aβopathy
arising independently. This model requires recognition that the earliest evidence of AD
pathophysiology lies beneath the detection threshold of every in vivo AD biomarker. In this
proposed model, which is illustrated in Figure 6, subcortical tauopathy is the first AD
pathophysiology to appear in some individuals and it is currently detectable only by
immunostaining methods. This tauopathy alone however does not by itself lead to AD
dementia. Aβopathy arises later and independent from this pre-existing tauopathy. Through
unknown mechanisms Aβ pathophysiology qualitatively transforms and accelerates the
antecedent tauopathy leading to neocortical spread of neurofibrillary tangles. Departure of
the initial tauopathy trajectory then occurs after Aβ biomarkers markers become abnormal.
FDG PET and MRI biomarker changes and then overt clinical symptoms follow the
accelerated abnormal trajectory of tau.

In the elderly the theme of tauopathy and Aβopathy as independent processes with a
common causal factor is consistent with the notion of a general age-related failure to clear
misfolded proteins, a failure of protective mechanisms to sequester toxic soluble forms of
these proteins, or both. However, we propose in Figure 6 that an independently arising
Aβopathy can accelerate an antecedent tauopathy based on the following observations. The
fact that genetically determined Aβ over production leads to fully developed AD 92 whereas
genetically determined tauopathies do not 93 does support a causal, initiating role for Aβ and
not tau in early onset AD. In addition, a recently discovered coding mutation in the amyloid
precursor protein gene protects against late onset AD 94. Therefore, the case for causality
points to Aβ as the disease initiator in early onset AD, and in a subject-specific manner as
either the initiator or an accelerator in late onset AD. We do not propose that all late onset
cases follow the pattern outlined in Figure 6. Rather, that at least 2 pathways to late onset
AD exist – one as illustrated in Figure 5 and the other in Figure 6.
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Biomarkers that precede Aβ
An important direction that biomarker research is taking is the search for biomarker
abnormalities that temporally precede Aβ amyloid biomarkers. There is evidence that FDG
PET hypometabolism in an AD-like pattern occurs in some APOE4 carriers in middle age
and young adults95, 96. The presumption is that this reflects an effect of APOE4 on glucose
metabolism that temporally precedes amyloid deposition. This must be tempered, however,
with more recent data indicating that FDG PET is a later changing biomarker than amyloid
PET or CSF AB42 51–54.While APOE4 is known to increase risk and the amount of Aβ
accumulation, and lower the age at which Aβ amyloid deposition appears 97, 98, APOE4 has
also been linked to mechanisms that are unrelated to amyloid deposition 99, 100.

Recently studies have focused on functional MRI as a tool to probe relationships between
synaptic activity and features of AD. Task free functional MRI (TF-fMRI) is particularly
appealing because measures of functional connectivity and network dynamics are obtained
without administering a functional activation task (which requires specialized equipment
that is not available at many MRI centers). Both Mesulam90 and Buckner et al 101 have
proposed pathophysiological models relating the long term demands of cognitive activity to
AD pathophysiology 90 and imaging changes 101, thus providing a mechanistic link between
the physiologic processes interrogated by TF-fMRI and AD pathophysiology. TF-fMRI
disturbances in the task-negative (i.e., default mode) and task-positive functional networks
have been described in AD dementia and MCI 102–105, in elderly cognitively normal APOE
ε4 carriers, and in cognitively normal subjects who are amyloid positive 106–108. Network
disturbances have also been described in middle-aged and elderly cognitively normal
subjects who are APOE ε4 carriers but who have normal amyloid PET scans 109, in APOE
ε4 carriers in young adulthood (20s)110, and in asymptomatic carriers of autosomal
dominate mutations years prior to estimated age of dementia onset 111. Using a functional
connectivity optical intrinsic signal imaging technique, Bero et al 112 have demonstrated
reduced functional connectivity in young transgenic AD mice in the same topologic
locations where amyloid deposits appear later in life. These observations suggest that TF-
fMRI may show abnormalities before amyloid biomarkers become abnormal thereby
prompting Jagust and Mormino113 to propose a cause and effect relationship between life-
long synaptic activity and amyloid deposition in multimodal cortical network hubs. Greater
synaptic activity generally leads to greater amyloid deposition; however, this relationship is
modulated by inter-individual variation in cognitive reserve and the effects of APOE.

Future directions
The discussion above points out the need for discovery of new biomarkers that would permit
testing hypotheses that can now only be framed in theoretical terms. This list includes CSF
markers or PET ligands that are sensitive to the AT8 tauopathy described in the young by
Braak and Del Tredici85 and PET ligands that measure NFTs and soluble Aβ114. Imaging
and or biofliud markers of TDP-43 and α-synuclein, and imaging detection of hippocampal
sclerosis and microinfarctions are needed. The absence of reliable plasma biomarkers for
any of the above pathophysiological processes is a major hurdle to population screening, but
strategies to overcome this limitation may be on the horizon 115.

“AD-signature” topographic patterns of abnormality have been identified for MRI and FDG
PET 11, 116–118. However, much biomarker modeling has been done by compressing multi-
voxel imaging data into a single value representing the prototypical AD-signature for each
imaging modality. Additional research should be devoted to evaluating topographic spread
of disease within each imaging modality as a marker of disease stage 119, 120.
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In addition to the development of new biomarkers to fill in current gaps in tracking relevant
pathophysiological processes, appropriate cohorts for evaluating biomarker evolution are
needed. Most large longitudinal cohorts that incorporate AD biomarkers suffer from at least
3 major design limitations. 1) Middle aged individuals are inadequately sampled. Therefore
the onset of biomarker abnormalities is not captured in middle age. 2) Individuals in end
stage dementia are not included. Therefore the full dynamic range of biomarker abnormities
cannot be known. This bias has the particularly insidious effect of selectively truncating the
apparent dynamic range of later changing relative to earlier changing biomarkers. 3) Lack of
long term within-subject longitudinal data. Most current biomarker modeling studies model
long term trends with cross sectional or short term follow up, which leads to conclusions
that are dominated by cross sectional trends with the associated biases. Decades-long
prospective multimodal observational studies, ideally in representative populations, will be
necessary to provide definitive elucidation of the precise sequence and shape of AD
biomarker changes. Finally, it will be important to follow as many subjects as possible
whose biomarkers are studied during life to autopsy 70.

Search strategy and selection criteria
References for this paper were identified through searches of PubMed between 1984 and
August 2012, with combinations of the search terms “Alzheimer’s disease”, “MCI”, “PiB”,
“amyloid imaging”, “PET and Alzheimer’s”, “MRI and Alzheimer’s”, and “Alzheimer’s
biomarkers”. The search also included papers presented at the 2012 Alzheimer’s Association
International Conference. Articles were also identified through searches of the authors’ own
files. Only papers published in English were reviewed.
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Figure 1. Original Dynamic biomarkers of the AD pathological cascade model – 2010
Aβ amyloid is identified by CSF Aβ42 or PET amyloid imaging. Neuronal injury and
dysfunction is identified by CSF tau or FDG-PET. Neurodegenerative atrophy is measured
by structural MRI. Reproduced from Jack et al 18.

Jack et al. Page 17

Lancet Neurol. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Temporal ordering of CSF biomarkers
Mean baseline levels of CSFAβ42 (A), P-tau (B), and t-tau (C) stratified into patients with
MCI who developed AD dementia within 0 to 2.5 years (n=28), 2.5 to 5 years (n=32), and 5
to 10 years (n=12). Biomarker levels in a cognitively healthy control group are also given.
Levels of Aβ42 did not differ among any of the MCI-AD groups with different intervals to
AD dementia. Levels of t-tau and P-tau were significantly lower in late converters (5–10
years) compared with very early converters (0–2.5 years). Error bars represent the SEM.
Reproduced with permission from Buchhave et al 26.
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Figure 3. Evidence for temporal ordering of CSF Aβ42, tau and MRI
Estimated probability of abnormality for each AD biomarker). The probability of an
abnormal biomarker test (point estimate and 95% CI) is shown by clinical diagnosis (i.e.
CN, MCI, or AD) (A) and Mini-Mental State Examination (MMSE) score (B). The cutoffs
used are 192 pg/mL for the CSF Aβ42 level, 93 pg/mL for the CSF total tau level (t-tau),
and 0.48 for the adjusted hippocampal volume (HVa). Reproduced with permission from
Jack et al50.
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Figure 4.
Cross sectional data from the DIAN study indicating temporal ordering of biomarkers in
subjects harboring autosomal dominant mutations. Temporal ordering is inferred by
anchoring each subject’s current age to the age of dementia onset in his/her affected parent.
The proposed order in which biomarkers become abnormal is, CSF Aβ42, amyloid PET,
CSF tau, FDG PET and structural MRI, followed by clinical symptoms. Reproduced with
permission from Bateman et al54.
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Figure 5. Revised dynamic biomarkers of the AD pathological cascade model – 2012
For both Figures 5a and 5b, Aβ amyloid is identified by CSF Aβ42 (purple) or PET amyloid
imaging (red). Elevated CSF tau (blue). Neurodegeneration is measured by FDG PET and
structural MRI respectively which are drawn concordantly (orange). By definition, all curves
converge at the top right-hand corner of the plot, the point of maximum abnormality. The
horizontal axis of disease progression is expressed as time. Cognitive response is illustrated
as a zone (green filled area) with low and high risk boarders. Figure 5b, illustrates
operational use of this model. The vertical black line denotes a given time (T). Projection of
the intersection of time T with the biomarker curves to the left vertical axis (horizontal
dashed arrows) gives values of each biomarker at time T, with the lead biomarker (CSF
Aβ42) being most abnormal at any given time in the progression of the disease. Intersection
of time T with the cognitive impairment zone gives cognitive impairment at that fixed point
in time. Subjects who are at high risk of cognitive impairment due to AD pathophysiology
are shown with a cognitive response curve that is shifted to the left. In contrast, the cognitive
response curve is shifted to the right in subjects with a protective genetic profile, high
cognitive reserve and the absence of comorbid brain pathologies – illustrating that two
subjects with the same biomarker profile (at time T) can have different cognitive outcomes
(denoted by yellow circles at the intersection of time T and low vs. high risk cognitive
profiles).
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Figure 6. Model integrating AD immuno-hisotology and biomarkers
The threshold for biomarker detection of pathophysiology is denoted by a horizontal line.
The grey area denotes the zone in which abnormal pathophysiology lies below the
biomarker detection threshold. In this illustration, tau pathology precedes Aβ amyloid
deposition in time – but early on exists at a subthreshold biomarker detection level. Aβ
amyloid deposition then occurs independently and rises above biomarker threshold detection
(purple and red arrows). This induces acceleration of tauopathy with CSF tau then rising
above threshold level (blue arrow). Later still, FDG PET and MRI (orange arrow) rise above
threshold detection level. Finally, cognitive impairment becomes evident (green arrow), with
a range of cognitive responses that depend on the individual’s risk profile (green filled area).
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