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Neurodegenerative conditions of late life (e.g., 
AD, PD, DLB) involve slowly accruing neuron 
losses that evolve over some years before 
symptoms occur
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Chronic disease model (Katzman 1976)

Neuropathologic Hallmarks Of AD:  
Evolution of Neurofibrillary Changes 

Stages I / II
(pre AD)

Stages III / IV
(early AD)

Stages V / VI
(clinical AD)

Neurofibrillary changes
limited to entorhinal and

transentorhinal (TE) regions

Severe involvement of
 TE regions;

moderate changes 
in hippocampus;

mild changes in some
cortical association 

areas

Cortical association areas
severely involved;

only primary sensory
and motor areas spared

Braak & Braak

Ø  Learning and Memory 

Cognitive Abilities Affected by AD 

Ø  Language and Semantic Memory 

Ø  Executive Functions / Attention 

Ø  Visuospatial / Constructional Ability 
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Mild Cognitive Impairment 

ü  Memory complaint, preferably corroborated by   
   an informant  

ü  Objective memory impairment                   
ü  Normal general cognitive function

ü  Intact activities of daily living
ü  Not demented

Suggested Criteria

Petersen et al. (2001). Neurology, 56, 1133-42.http://www.aan.com/professionals/practice/guidelines.cfm 

Mild Cognitive Impairment 

Petersen et al. (2014). J Intern Med, 275, 214-28.

To reach an agreement on the clinical character-
ization of MCI, an international consensus confer-
ence was held in 2003. The discussion at the first
Key Symposium on MCI led to the formulation of
revised core criteria for this condition [7]. The
expanded Mayo Clinic criteria for MCI were no
longer focused on memory impairment alone but
were broadened to include impairment in other
areas of cognitive functioning [8]. The additional
cognitive syndromes now included in the definition
of MCI also led to clarification of the ‘essentially
preserved general cognitive functioning criterion’
(Table 1).

More recently, the National Institute on Aging-
Alzheimer’s Association (NIA-AA) charged a work-
group with the task of rediscussing MCI criteria
along the AD spectrum [16]. The NIA-AA proposed
criteria for the specific definition of MCI due to AD
(see the following section), but the core clinical
criteria overlap with those proposed by the 2003
MCI Key Symposium (Table 1).

Newly proposed entity

The American Psychiatric Association has recently
published new criteria for dementia in the fifth
edition of the Diagnostic and Statistical Manual for
Mental Disorders (DSM-5), which recognizes the
predementia stage of cognitive impairment. The
condition, which has many of the features of MCI,
is termed mild neurocognitive disorder (NCD) [15].
Mild NCD recognizes subtle features of cognitive
impairment that are distinct from ageing but do not
represent dementia. Furthermore, mild NCD con-

cerns the initial phases of cognitive disorders and
precedes major NCD that is analogous to the
previous diagnosis of dementia. The criteria for
mild NCD closely resemble the expanded core MCI
criteria outlined in Table 1, including the following
features:(i) clinical concern raised by the patient or
an informant, or observations made by the clini-
cian, (ii) cognitive impairment in one or more
cognitive domains preferably relative to appropri-
ate normative data for that individual, (iii) preser-
vation of functional independence and (iv) no
dementia [15]. These criteria are in line with
previously described MCI criteria, and whilst no
definite neuropsychological cut-off scores are rec-
ommended, there is the implication that neuropsy-
chological testing can be very helpful in making the
diagnosis. The DSM-5 approach involves the char-
acterization of the syndrome, mild or major NCD,
and then a subsequent task of determining its
aetiology, such as AD, frontotemporal degenera-
tion, Lewy body disorders or vascular cognitive
impairment. This approach suggests that biomar-
kers are likely to be incorporated into the decision
process, but most are not validated at present for
use in routine clinical practice and remain areas of
major research interest.

Operationalization of MCI

According to current definitions [7, 8, 15, 16],
clinical data suggesting a change in cognitive
abilities are necessary for being classified as
MCI. This information is generally gathered
through questions asked to the person examined
or to the next of kin. The subjective cognitive

Table 1 Clinical characterization of mild cognitive impairment (MCI)

Definitions

Original Mayo

Clinic [6]

Expanded/

Key Symposium

[7, 8] NIA-AA [16] DSM-5 [15]

Criteria

Self- or informant-reported memory complaint x

Self- or informant-reported cognitive complaint x x x

Objective memory impairment x

Objective cognitive impairment x x x

Essentially preserved general cognitive functioning x

Preserved independence in functional abilities x x x x

No dementia x x x x

Core clinical criteria according to major definitions are listed.
NIA-AA, National Institute on Aging-Alzheimer’s Association workgroup; DSM-V, fifth edition of the Diagnostic and
Statistical Manual of Mental Disorders; X: criterion required.
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R. C. Petersen et al. Key Symposium: Mild cognitive impairment

“The construct has evolved…but the core criteria have remained unchanged.” 

Mild Cognitive Impairment 

ü  Memory complaint corroborated by informant  

ü  One paragraph of WMS-R Logical Memory II
ü  MMSE ≥ 24 - 30
ü  Global Clinical Dementia Rating = 0.5

ü  Not demented: cognitive/functional abilities are preserved to
    an extent that they do not qualify for a diagnosis of dementia

Representative Example

Petersen et al. (2005). NEJM, 352, 2379-88.
Bateman et al. (2012).  NEJM, 367, 795-804.

Alzheimer’s Disease Neuroimaging Initiative (www.adni-info.org). 4. Proposed terminology for classifying individuals with
“MCI due to AD” with varying levels of certainty

We propose the terminology for “MCI due to AD” in the
following sections, incorporating the use of biomarkers. It is
fully recognized that there are limitations in our knowledge
about these biomarkers, as noted earlier. These criteria are
designed to stimulate the application of biomarkers in clin-
ical research settings, thus permitting refinements in these
criteria over time (Table 3).

4.1. MCI—Core clinical criteria

Individuals in this category meet the Core Clinical Crite-
ria for MCI, based on the characteristics of the clinical syn-
drome and an examination of potential etiologic causes for
the cognitive decline, as outlined earlier in the text. This
evaluation process is designed to increase the likelihood
that the underlying disease responsible for the cognitive dys-
function is a neurodegenerative disorder with characteristics
consistent with AD. However, if biomarkers have been ob-
tained, but the aggregate information is considered uninfor-
mative, this diagnosis will also apply. This would occur in
situations in which biomarker results conflict with one an-
other, or in situations in which results fall in an indetermi-
nate range that is neither clearly negative nor positive.
Patients in this category have the typical presentation of in-
dividuals who are at an increased risk of progressing to AD
dementia. As noted earlier in the text, these individuals typ-
ically have a prominent impairment in episodic memory, but
other patterns of cognitive impairment can also progress to
AD dementia over time (e.g., visuospatial impairments).
Note that this category also applies to situations in which
biomarkers have NOT been tested. This category is still con-
sistent with the possibility that the patient with MCI has un-
derlying AD pathology

4.2. MCI due to AD—Intermediate likelihood

If the subject meets the Core Clinical Criteria for MCI,
but in addition has either a positive biomarker reflecting
Ab deposition with an untested biomarker of neuronal in-
jury, or a positive biomarker reflecting neuronal injury
with an untested biomarker of Ab, then there is increased
likelihood that the outcome will be AD dementia. Thus, in
the absence of one of these categories of biomarker informa-

tion, the situation is still consistent with an intermediate
level of certainty that the individual will progress to AD de-
mentia over time. Therefore, patients who meet the criteria
for this diagnosis have an intermediate level of certainty
that they have “MCI due to AD.”

4.3. MCI due to AD—High likelihood

If the subject meets the Core Clinical Criteria forMCI, and
in addition has positive biomarkers for both Ab and neuronal
injury, this provides the highest level of certainty that over
time the individual will progress to AD dementia. Thus, pa-
tients who meet the criteria for this diagnosis have the highest
level of certainty that they have “MCI due to AD,” and that
they will progress to AD dementia over time.

4.4. MCI—Unlikely due to AD

Patients who have negative biomarkers for both Ab and
neuronal injury are considered to have the lowest likelihood
of underlying AD pathophysiology. Although such individ-
uals may still have AD, a search for an alternate cause of
the MCI syndrome is warranted.
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Table 3
MCI criteria incorporating biomarkers

Diagnostic category
Biomarker probability
of AD etiology

Ab
(PET or CSF)

Neuronal injury
(tau, FDG, sMRI)

MCI–core clinical criteria Uninformative Conflicting/indeterminant/untested Conflicting/indeterminant/untested
MCI due to AD—intermediate likelihood Intermediate Positive Untested

Untested Positive
MCI due to AD—high likelihood Highest Positive Positive
MCI—unlikely due to AD Lowest Negative Negative

Abbreviations: AD, Alzheimer’s disease; Ab, amyloid beta peptide; PET, positron emission tomography; CSF, cerebrospinal fluid; FDG, fluorodeoxyglucose;
sMRI, structural magnetic resonance imaging.
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MCI Criteria 
Incorporating Biomarkers

Albert et al. (2011). Alz & Dem. 

Jack et al. (2010). Lancet Neurol.   

Proposed Staging Framework of the Cascade  
Of Events in Preclinical Alzheimer’s Disease Proposed Staging Framework of the Cascade  

Of Events in Preclinical Alzheimer’s Disease 

Jansen et al. (2015). New Engl J Med.   
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Preclinical Alzheimer’s Disease  
Criteria Incorporating Biomarkers 

Sperling et al. (2011). Alz & Dem. 

Preclinical Alzheimer’s Disease  
Criteria Incorporating Biomarkers 

Jack et al. (2012). Ann Neurol. 

become symptomatic. The NIA-AA preclinical criteria
are related to this hypothetical biomarker model in Fig-
ure 1. The NIA-AA criteria, therefore, identified stage 1
of preclinical AD as characterized by asymptomatic cere-
bral amyloidosis, and stage 2 as a stage in which evidence
of synaptic dysfunction and neurodegeneration was also
evident. The NIA-AA criteria further assert that subtle
cognitive changes will be present in stage 3 and will pre-
cede the appearance of overt cognitive impairment.

Although the NIA-AA criteria are based on a con-
ceptual model as well as observational data, they make
specific assumptions about relationships among bio-
markers and cognitive testing that have not been
adequately validated. As a first step in the evaluation pro-
cess, we examined the distribution of cognitively normal
(CN) persons in a population-based study of aging in
Olmsted County, Minnesota who fell into the different
stages of the NIA-AA criteria for preclinical AD. To do
so, however, we first had to develop an operational
approach to implement the criteria.

Subjects and Methods

Subjects
Two groups of subjects were employed in this study. First, 42
clinically diagnosed AD subjects who had undergone MRI,
FDG-PET, and Pittsburgh compound B (PIB)-PET were used to
create imaging biomarker cutpoints. These AD subjects were
drawn from our Alzheimer’s Disease Research Center or incident
cases in the Mayo Clinic Study of Aging (MCSA). Second, all
available CN subjects from the MCSA who had undergone

MRI, FDG-PET, PIB-PET, and complete neuropsychological
testing (n ¼ 450) were used to both develop cognitive cutpoints
and to assess population frequencies of the different preclinical
AD stages using different cutpoint criteria.

The MCSA is a population-based study of cognitive
aging that was established in Olmsted County, Minnesota start-
ing in October 2004.7 All MCSA subjects undergo a clinical
and cognitive assessment every 15 months that includes 9 neu-
ropsychological tests.7 The evaluations of all subjects were
reviewed by a consensus panel consisting of physicians (neurol-
ogists and geriatricians), neuropsychologists, and study nurses.
Subjects in the present study were diagnosed by the consensus
panel as being CN, based on the clinical assessments including
mental status examinations and informant interviews as well as
the neuropsychological testing battery described below.7,8

The neuropsychological battery was constructed as previ-
ously described.7,8 Domain-specific measures are formulated
from the Wechsler Adult Intelligence Scale-Revised (WAIS-R),
Wechsler Memory Scale-Revised (WMS-R), Auditory Verbal
Learning Test (AVLT), Trail Making Test (TMT), category flu-
ency test, and Boston Naming Test (BNT). Four cognitive
domains are assessed: Executive (TMT: Part B, WAIS-R Digit
Symbol); Language (BNT, category fluency); Memory (WMS-R
Logical Memory-II [delayed recall], WMS-R Visual Reproduc-
tion-II [delayed recall], AVLT delayed recall); and Visuospatial
(WAIS-R Picture Completion, WAIS-R Block Design). Individ-
ual test scores were first converted to z scores using the mean
and standard deviation from the MCSA 2004 enrollment visit
for subjects who were CN (n ¼ 1,624). The individual z scores
were averaged to create 4 domain scores that were then also
converted to z scores. A global cognitive summary score was
formed from the average of the 4 domain z scores and then
converted to a z score by subtracting the mean and dividing by

FIGURE 1: Preclinical stages 1 to 3 of Alzheimer disease (AD; indicated by the yellow highlighted section) in relation to our
model of biomarkers of the AD pathological cascade. The horizontal axis indicates clinical stages of AD: cognitively normal,
mildly impaired (MCI), and dementia. The vertical axis indicates the changing values of each biomarker, scaled from maximally
normal (bottom) to maximally abnormal (top). The Ab amyloid biomarker is positron emission tomography (PET) amyloid imag-
ing (red line). Biomarkers of neuronal injury are fluorodeoxyglucose-PET or atrophy on magnetic resonance imaging (blue line).
Onset or worsening of cognitive symptoms is determined from cognitive testing scores (purple line). The horizontal cutpoints
line represents the cutpoints used to operationalize preclinical staging.
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Problems with the Temporal Sequence
Of the Amyloid Cascade Model

ü Preclinical axonal injury in preclinical fAD (Ryan et al 2013)

ü Tau lesions in late-myelinating regions predate amyloid 
change (Braak et al 2011)

ü Neurodegenerative biomarker positivity precedes Aβ
ü Metabolic abnormalities in ε4+ precede Aβ change (Reiman et al 2009)

ü  Default network abnormalities in ε4+/PIB- subjects (Sheline et al 2010)

ü  Aβ is not required to develop neurodegeneration in AD-affected 
regions in cognitively normal older adults (Wirth et al 2013)

ü  Neurodegenerative biomarker positivity in the face of normal amyloid 
levels in 23% of Jack et al’s (2012) own sample

Preclinical Alzheimer’s Disease  
Criteria Incorporating Biomarkers 

Jack et al. (2012). Ann Neurol. 

subjects. By using the cohort under study to define a
cognitive cutpoint, we lacked an independent means of
defining abnormality. This meant that a fixed proportion
(5%, 10%, 15%) of subjects were designated as cogni-
tively impaired. This has obvious potential for errone-
ously classifying a few subjects at the margin as abnormal
who might not have been with a slightly different defini-
tion of abnormal. We suspect that this effect underlies
many of our unclassified subjects. The problem of using
cognitive impairment as both a criterion for preclinical
AD and as an outcome in longitudinal observational
studies and therapeutic trials will need further explora-
tion. Thus, operationalization of criteria for subtle cogni-
tive impairment is complex, and the definition of the
cognitive threshold we have provisionally chosen can
likely be improved upon.70

As ours is a population-based study,7 our CN sub-
jects differ from those recruited into studies such as the
Alzheimer’s Disease Neuroimaging Initiative or other
clinic-based samples. Age, education, and comorbidities
greatly influence the likelihood and rate of progressing to
dementia, and therefore evaluating new diagnostic criteria
in samples that approximately reflect these variables as
they exist in the general population is essential for gener-
alizability and external validity of results.71,72 The high
prevalence of SNAP in this preliminary exercise under-
scores the importance of performing studies that have as
few implicit inclusion and exclusion criteria for subjects
as possible. Results might be different from samples
drawn from memory clinics, where recruitment biases
might reduce the number of non-AD etiologies.

Although the new NIA-AA preclinical criteria
broke new ground conceptually, many operational issues
were not addressed. These include standardization of
biomarker measures, defining biomarker cutpoints,
how to address discrepancies within biomarker class

(eg, abnormal FDG but normal hippocampal volume),
the definition of subtle cognitive impairment, and how
to address the non-AD pathophysiological processes that
are present in elderly populations. Some limitations of
our study include the fact that our subjects had only
MRI and PET imaging biomarkers available, not CSF.
The number of cognitive testing sessions, and hence
practice effects, varied among subjects in our cohort.
Other important options remain to be evaluated,
including alternative biomarker and cognitive cutpoints
and alternative imaging measures. However, with this
operational approach to implementation, the NIA-AA
preclinical AD guidelines function adequately in a pop-
ulation-based sample of elderly subjects and, therefore,
should be useful in planning future observational and
therapeutic studies.

Acknowledgment

The Alexander Family Alzheimer’s Disease Research
Professorship of the Mayo Foundation, USA, and the
Robert H. and Clarice Smith Alzheimer’s Disease
Research Program of the Mayo Foundation, USA. This
study was supported by the NIH/National Institute on
Aging (R01 AG11378, U01 AG006786, P50 AG16574,
C06 RR018898; C.R.J.).

Authorship

C.R.J. and D.S.K. contributed equally to this work.

Potential Conflicts of Interest

C.R.J.: consultancy, GE, Janssen, J and J, Allon. D.S.K.:
consultancy, Lilly; grants/grants pending, Forest, Baxter,
Janssen; editor of Neurology. V.L.: consultancy,
Bayer Pharmaceuticals; grants/grants pending, GE
Health Care, Siemens Molecular Imaging, AVID

FIGURE 4: Venn diagram depicting the distribution of all 450 cognitively normal subjects by National Institute on Aging–Alz-
heimer’s Association stage, biomarker, and cognitive status. AD 5 Alzheimer disease.
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S158 H. Braak and K.D. Tredici / Evolutional Aspects of Alzheimer’s Disease Pathogenesis

Fig. 2. Summary diagram of stages of AD-associated tau pathology (pretangle and neurofibrillary tangle phases). A) Processes of brainstem
nerve cells (preferentially locus coeruleus neurons) are the first structures that display pretangle material (pretangle stage a). The material then
fills the somatodendritic compartment of a few neuromelanin-containing coeruleus neurons (pretangle stage b). In pretangle stage c, nerve
cells containing non-argyrophilic AT8-immunoreactive material occur in other non-thalamic subcortical nuclei with diffuse cortical projections
(upper raphe nuclei, magnocellular nuclei of the basal forebrain, hypothalamic tuberomamillary nucleus). B) The region involved in pretangle
stages a–c is illustrated in a schematic diagram of the right half of a human brain. Involvement of the locus coeruleus is indicated in black C)
In pretangle stage 1a, portions of neuronal processes with non-argyrophilic AT8-immunoreactive material appear in the transentorhinal region
of the cerebral cortex. These processes may represent pathologically altered terminals of coeruleus axons. In stage 1b, pyramidal cells in the
transentorhinal region become filled with pretangle material. D–F) Schematic drawings as in B, this time showing only a hemisphere to illustrate
medial temporal regions. Color shading: cortical pretangle stages 1a and 1b and NFT stages I-II (dark red), NFT stages III-IV (light red), and
NFT/NT stages V-VI (pink). Drawings show the systematic progression of the pathological process from the transentorhinal and entorhinal
regions (NFT stages I-II) to neocortical high-order association areas (NFT stages III-IV) and, finally, secondary as well as primary fields of
the neocortex (NFT stages V-VI). Adapted with permission from Braak et al. [19] Stages of the pathologic process in Alzheimer disease: age
categories from 1 to 100 years. J Neuropathol Exp Neurol 70, 960-969 [5].

longer than the clinical phase of dementia. Thus, any
workable or viable definition of AD should include the
extended prodromal phase.

PRETANGLE STAGES (a–c, 1a, 1b)

Figure 1B, C shows the percentage of cases at
recently described pretangle stages [5]. That study
showed that it was impossible to assign an NFT stage
to 342 of the total number of cases (2,332). Of these
342 individuals, 274 displayed at least the presence of

pretangle material within a few transentorhinal pyrami-
dal cells (Fig. 1C). Cases with involvement of entirely
AT8-immunolabeled pyramidal cells were referred to
as cortical pretangle stage 1b, whereas in cortical
pretangle stage 1a the abnormal tau material was
observable only within neuronal processes (Fig. 2C)
[5].

Sixty-eight cases did not show any cortical
pretangle-containing cell somata or processes. How-
ever, 58 of these 68 cases displayed the presence
of pretangle material-containing nerve cells in select
nuclei of the brainstem (Fig. 2A, B). We classified such

Braak & del Tredici (2013). J Alz Dis.   

Stages of AD-Associated Tau Pathology
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Angevine & Cotman (1981).  Principles of Neuroanatomy. 

Locus Coeruleus in Alzheimer’s Disease

“A traditionally enigmatic reticular nucleus now seen 
as simultaneously influencing in almost all cortical 
areas of the brain.” 

“…three major ascending tracts – the central tegmental tract, dorsal longitudinal 
fasciculus, and medial forebrain bundle – as well as vascular routes to innervate 
the hypothalamus, thalamus, basal telencephalon, and entire isocortex.” 

“In humans, it is pigmented [with neuromelanin], and 
its name means ‘blue place’.” 

“The LC gives rise to a very large number of 
ascending noradrenergic axonal system that 
terminates diffusely over all cortical layers.” 

“Its stimulation inhibits spontaneous neuronal discharge nearly everywhere…a  
role of the LC is that it sets ‘brain tone’…and by inhibiting background activity, the 
LC may depress irrelevant stimuli and allow relevant ones to stand out.  Thus, by 
this route, norepinephrine may enhance the signal-to-noise ratio in brain.” 

Efferent projections of the LC 
system in the monkey brain. 

Locus Coeruleus in Alzheimer’s Disease

Keren et al. (2009).  NeuroImage. 

Arendt et al. (2015).  Acta Neuropathol Comm. 

Locus Coeruleus in Alzheimer’s Disease

Aston-Jones & Cohen (2005). 

Adaptive Gain Model of the LC-NE system. 

Locus Coeruleus in Alzheimer’s Disease

Stages of AD Tau Pathology

Braak et al. (2011).  J Neuropath Exp Neurol. 

“…the pathologic process associated with  
sporadic AD commences with intraneuritic  
formation of pretangle material in the lower  
brainstem rather than in the transentorhinal  
region…” 

Stages of AD Tau Pathology

Braak et al. (2011).  J Neuropath Exp Neurol. 
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Braak et al (2011). J Neuropath Exp Path.   

Stages of AD-Associated Tau Pathology Proposed Staging Framework of the Cascade  
Of Events in Preclinical Alzheimer’s Disease 

Jack et al. (2013). Lancet Neurol.   

Anti-Amyloid Trial in Mild to Moderate AD 

Salloway, Sperling et al. (2014). New Engl J Med.   

Anti-Amyloid Trial in Mild to Moderate AD 

Salloway, Sperling et al. (2014). New Engl J Med.   

Anti-Amyloid Trial in Mild to Moderate AD 

Salloway, Sperling et al. (2014). New Engl J Med.   

“Amyloid accumulation probably starts many years before the onset of symptoms, 
and initiation of anti-amyloid treatment only after dementia develops may be too 
late to affect the course of the disease.” 

Liu et al. (2015). Neurology.   

“In spite of evidence of target engagement by bapineuzumab, no clinical benefit 
was evident…these finding raise questions about whether bapineuzumab was 
initiated early enough to affect the disease course, the exposure was sufficient, 
or the most pathologic Aβ species were targeted.” 
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The A4 Study: Anti-Amyloid Treatment 
In Asymptomatic Alzheimer’s Disease 

Sperling et al. (2014). Sci Translation Med.   

Secondary prevention trial with solanezumab 

Breitner (2015). Neurology.   

Proposed Staging Framework of the Cascade  
Of Events in Preclinical Alzheimer’s Disease 

Jack et al. (2013). Lancet Neurol.   

Amyloid and Tau Pathology by Age

Braak et al. (2013).  Acta Neuropathol. 
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Comparisons of Biomarkers and 
Cognitive Measures in Predicting Progression 

to Alzheimer’s Disease

Gomar et al. (2011). Arch Gen Psychiatry. Landau et al. (2010). Neurology. 

Comparisons of Biomarkers and 
Cognitive Measures in Predicting Progression 

to Alzheimer’s Disease

Comparisons of Biomarkers and 
Cognitive Measures in Predicting 

Progression to Alzheimer’s Disease

Richard, Schmand, et al. (2013). BMJ Open. 

the three diagnostic tests illustrate that their perform-
ance was largely comparable (table 3).
To calculate the NRIs, the a priori correct classifica-

tion rates were based on the percentage of participants
with the disease for each comparison (table 4). When
the NRI for all diagnostic measures is calculated in

isolation, all diagnostic tests substantially improve diag-
nostic classification (table 4). Participants who were
incorrectly reclassified to the wrong diagnostic category
are taken into account by this method, thus specifying
the resulting false-positive and false-negative cases follow-
ing a diagnostic test.
If the same analyses are repeated after first incorporat-

ing the RAVLT results, the contributions of entorhinal
cortex volume on MRI and p-τ/Aβ ratio in CSF testing
to diagnostic accuracy change dramatically (right panel
of figure 1): MRI hardly affects diagnostic accuracy (NRI
after MRI is +1.1 (95% CI 0.1 to 3.9), while CSF testing
tends to actually decrease diagnostic accuracy in this study
population as a result of reclassification to the wrong
diagnostic category (NRI after CSF biomarker testing is
–2.2 (95% CI−5.6 to −0.6). In figure 2, we illustrate this
process for reclassification according to MRI and CSF
results. MRI often results in false-negative conclusions,
that is, in patients who do have AD entorhinal cortex
volumes are in the normal range. CSF analysis on the
other hand, often elicits false-positive findings.
Explorative analyses using alternative cut-off points for

all the three diagnostic tests did not importantly change
our findings on the relative strengths of the resulting
NRIs, as can be expected since more sensitive cut-offs by
definition lead to reduced specificities and vice versa. As
expected on the basis of the relative strength of associa-
tions between neuroimaging and CSF parameters in the
ADNI dataset,13 19 the use of other MRI parameters (eg,
hippocampal atrophy) or CSF measures (total-τ or Aβ
levels or the total-τ/Aβ-ratio) did also not importantly
affect the results.

DISCUSSION
When considered as single tests, a short memory test,
MRI and CSF biomarker analysis all perform at a com-
parable level, independent of the statistical analysis used.
All three diagnostic instruments have AUCs around 0.65
for distinguishing which patients with MCI will progress
to AD with an average follow-up of 39 months. However,
when MRI and CSF testing are evaluated after incorporat-
ing the results of a brief test of memory, both diagnostic
methods fail to substantially improve diagnostic accuracy
when assessed from a clinician’s perspective using the
intuitive NRI.

Implications for clinical practice and research
Different diagnostic guidelines from both Europe and
the USA recommend that all patients with cognitive
impairment should undergo structural imaging.20

European guidelines for the diagnosis of AD identify
alterations of Aβ and p-τ in CSF as supportive for the
diagnosis.21 The recently revised recommendations from
the National Institute on Aging-Alzheimer’s Association
workgroup add some nuance and do not advocate the
use of CSF biomarkers for routine diagnostic purposes.22

The present findings suggest that from a pragmatic

Figure 1 Receiver-operator characteristic-curves (ROC;
upper panel) and Net Reclassification Improvements
(lower panel) of Rey’s Auditory Verbal Learning memory test
(RAVLT), entorhinal cortex volume on MRI and p-τ/Aβ ration in
cerebrospinal fluid (CSF) in participants with mild cognitive
impairment (MCI). The upper panel depicts the ROC curves
for the RAVLT test of memory (MEM), entorhinal cortex
volumetry (MRI) and the p-τ/Aβ ratio in CSF contrasting MCI
participants without progression to dementia on follow up
(N=100) and those progression to Alzheimer’s disease
(N=81). The corresponding area under curves are provided in
table 2. The lower panel shows the net reclassification
improvement for the same comparisons as a result of
performing a single test (left) or on the right, in the grey area,
for the MRI and CSF examination, after having incorporated
the result of memory testing.

4 Richard E, Schmand BA, Eikelenboom P, et al. BMJ Open 2013;3:e002541. doi:10.1136/bmjopen-2012-002541

MRI or CSF biomarkers in Alzheimer’s disease

+1.1% 

-2.2% 

Comparisons of Biomarkers and 
Cognitive Measures in Predicting 

Progression to Alzheimer’s Disease

Jedynak et al. (2012). NeuroImage. 

Relation between ADPS and rate of progression

The rate of progression αi of each subject i is also computed as part of
the ADPS parameter fitting algorithm.We plotted the rate of progression

of each subject against their ADPS at baseline to see whether a relation-
ship might exist (Fig. 4). A clear trend of increasing rate of ADPS as a
function of ADPS is observed. The third column of Table 1 provides the
mean rate of change of ADPS in unit of years for each status. AD subjects
progress faster on average than MCI subjects. MCI subjects progress
faster on average than N subjects. Observed during 3 years, an MCI sub-
jectwould progress on average at 0.76 ADPS per year. The corresponding
ADPS would then increase by 0.76×3=2.28 units. In our model, the
ADPS of each subject is a linear function of age, or equivalently the rate
of change of ADPS is constant over the time a subject is observed. Retro-
spectively, it is therefore a reasonable approximation for N and MCI
subjects. It might be too simple a model for AD subjects. It is important
to recall that these observations are made in light of the optimization
criterion of ADPS, which uses the commonality of biomarker trends as
a basis for determining rate. Thus, an increasing rate of ADPS truly
means that subjects are progressing through degrading biomarkers at
a faster rate.

Biomarker dynamics

The sigmoidal functions representing common behavior of bio-
marker dynamics of the entire ADNI population can be compared by
scaling (and inverting if necessary) each of them independently to
range from −1 (Normal) to +1 (Abnormal). Plotted as a function
of the normalized ADPS (Fig. 5(a)), these scaled sigmoidal functions
provide a plot similar to the conceptual plot in Jack et al. (2010)
(Fig. 1). Our plot is data driven, of course, representing what the
entire ADNI dataset predicts under our model assumptions. Its sig-
moidal functions also provide information about the time of initial
biomarker change (represented by the heels of the sigmoidal func-
tions), the time of maximum biomarker change (represented by the
inflection point of the sigmoidal functions), and the rate of biomarker
change over the course of its activation (represented by the slopes of
the sigmoidal functions).

In addition to their interpretation as the time of maximum bio-
marker change, the inflection points also could represent a threshold
between normal and abnormal. Therefore, we use them as an indicator
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Fig. 4. Rate of the ADPS as function of the ADPS for baseline visits. Black: Normal subjects.
Red: MCI subjects. Green: AD subjects.

Table 1
Mean value (standard deviation) of ADPS and rate of change of ADPS for N,MCI and AD
subjects in ADNI at baseline.

ADPS: Mean (sd) Rate of change of ADPS: Mean (sd)

N −0.03 (1.48) −0.08 (0.81)
MCI 2.85 (1.98) 0.76 (1.11)
AD 6.49 (1.61) 1.46 (1.38)

b

a

Fig. 5. (a) Estimated biomarker dynamics as a function of the normalized ADPS. Estimation of the normalized ADPS for all ADNI subjects was carried out, and common biomarker
dynamics represented by sigmoidal functions were simultaneously fitted as part of the ADPS normalization algorithm. Each sigmoidal function was scaled and flipped in order to fit
on a scale going from -1 representing “Normal” to 1 representing “Abnormal”. The positions of vertical lines representing progression from Normal to MCI and MCI to AD were fitted
as optimal separating thresholds between the clinical diagnoses provided in the ADNI database. (b) 90% confidence intervals for the inflection point of each biomarker.

1483B.M. Jedynak et al. / NeuroImage 63 (2012) 1478–1486

ADPS – Alzheimer’s Disease Progression Score 

Proposed Staging Framework of the Cascade  
Of Events in Preclinical Alzheimer’s Disease 

Jack et al. (2013). Lancet Neurol.   

Underlying Neuropathology in MCI 

Jansen et al. (2015). New Engl J Med.   

	  
Group	  

Mean	  rate	  of	  Amyloid	  
Posi5vity	  

	  
P-‐Value	  

	  
Amnes>c	  MCI	  

	  
58%	  

	  
p	  =	  .03	  vs.	  Non-‐Amn	  
MCI	  

	  
Non-‐Amn	  MCI	  

	  
47%	  

	  
p	  =	  .03	  vs.	  NC	  

	  
Normal	  	  
Cogni>on	  

	  
	  

32%	  

Both	  amnes>c	  and	  nonamnes>c	  MCI	  are	  associated	  with	  amyloid	  
posi>vity,	  and	  a	  substan>al	  number	  of	  MCI	  are	  not	  amyloid	  posi>ve.	  
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Underlying Neuropathology in MCI 

Schneider et al. (2009). Ann Neurol.

Not much difference in underlying neuropathologies 
  - ‘pure’ AD pathology common to both MCI subtypes 
   - other pathologies common to both subtypes as well 

Clinical Diagnosis Underlying Neuropathology in MCI 

Schneider et al. (2009). Ann Neurol.

Clinical Diagnosis 

Current	  nosology	  for	  MCI	  is	  not	  doing	  a	  very	  good	  job	  of	  
characterizing	  the	  underlying	  neuropathology	  

Improving Definitions

Despite increasing sophistication in genetics, imaging 
and biomarkers, concomitant sophistication in profiling 
cognition in MCI is lacking

-  Push for cognitive screening diminishes sensitivity
-  Push for fewer measures diminishes reliability

  -  eg, original ADNI not well suited to assess MCI subtypes
-  Lack of consensus on uniform set of criteria
-  Disparate means by which MCI is diagnosed

- reliance on few measures and clinical judgment

    Comprehensive Neuropsychological Criteria – 
developed in light of multiple pieces of evidence that reflect 
the difficulty of interpreting an isolated impaired score

Jak et al. (2009). Am J Geriatr Psychiatry.

ü  Multiple measures provide a more reliable estimate of a cognitive 
construct than a single measure (Anastasi & Urbina, 1997) 

ü  Majority of neurologically normal adults will score in the impaired 
range on at least one measure (median=4/40; Heaton et al. 1999, 2004)  
ü  26% of the older adults in the standardization sample for the WMS-III 

obtained one or more impaired memory score (>1.5 SDs; Brooks et al 2007)    

ü  More than 20% of healthy older adults obtain 1 impaired score in 2 
different domains but far fewer (< 5%) earn 2 or more impaired scores 
in the same domain (Palmer et al. 1998)  

ü  A cutoff score of 1 SD provides the best sensitivity and specificity 
(Busse et al. 2006; Heaton et al. 1999, 2004) 

ü  More strict (1.5 or 2 SD) cutoffs trade modest gains in specificity for larger losses in 
sensitivity (Taylor & Heaton 2001). 

Defining the Cognitive Impairment of MCI 

Historical Criteria  (Petersen et al. 1999)
Memory on one test (eg, Story A LM II) falls 1.5 SD below published norms
Global cognitive functioning (MMSE) intact (defined as ≥ 24/30); CDR = 0.5

Typical Criteria (Petersen & Morris 2005)
Requires only one test within a cognitive domain falls 1.5 SD below norms

 Comprehensive Neuropsychological Criteria (Jak et al. 2009)

Requires 2 tests in a domain to fall 1.0 SD below norms;                
performance-based complex iADL intact (T-score ≥ 40)
Neuropsychologically-derived operational definition of MCI subtypes:
  Memory (6), exec. function (6), attention (3), visuospatial (3), language (3)

Jak et al. (2009). Am J Geriatr Psychiatry, 17, 368-75.

Defining the Cognitive Impairment of MCI 
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Comprehensive 
Criteria 

Historical 
Criteria 

Typical 
Criteria 

11% 

n = 90 

(2 Tests, 1 SD) (1 Test, 1.5 SDs) (Logical Memory, 1.5 SDs) 

34% 
49% 

Jak et al. (2009). Am J Geriatr Psychiatry, 17, 368-75.

Defining the Cognitive Impairment of MCI Difficulties With Typical MCI Diagnostic Criteria 

Loewenstein et al. (2009). Dem Geriatr Cog Dis. 

Typical Criteria (ie, MCI diagnosis based on 1 test) 

Amnestic MCI 
56% less impaired 

25% unchanged 
19% more impaired 

Non-Amn MCI 
47% less impaired 

24% unchanged 
29% more impaired 

Comprehensive Criteria (ie, MCI dx based on 2+ tests) 

Amnestic MCI 
0% less impaired 

50% unchanged 
50% more impaired 

Non-Amn MCI 
18% less impaired 

55% unchanged 
27% more impaired 

2-3 yrs 

2-3 yrs 

Brain-Based Empirical Support for 
Comprehensive Criteria 

Jak et al. (2009). J Int Neuropsychol Soc.

Brain-Based Empirical Support for 
Comprehensive Criteria 

Jak et al. (2009). J Int Neuropsychol Soc.

Comprehensive Criteria: Amnestic MCI group had  
significantly smaller hippocampal volumes 

Brain-Based Empirical Support for 
Comprehensive Criteria 

Jak et al. (2009). J Int Neuropsychol Soc.

Conventional Criteria: Amnestic MCI group had 
non-significant associations with hippocampal 
volumes 

Statistically Determined
Subtypes of MCI

Evidence for Distinct Cognitive or Biomarker 
Phenotypes of MCI Derived from Cluster Analysis

Cluster analysis groups individuals on the basis of their test scores or 
biomarkers that is not based on (or biased by) artificial cutoffs or 
long-term trajectories.   
 
Individuals are separated into groups such that those within a group 
are as similar to each other as possible and groups are as different 
from each other as possible.    
 
Because cluster analysis is a descriptive approach, discriminant 
function analyses (DFA) are used to quantitatively demonstrate the 
ability of the neuropsychological measures to discriminate the 
clustered subgroups.      
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Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  DFA correctly classified 98% of sample 

Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  

Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  

Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  

Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  DFA correctly classified 92% of sample 

Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  DFA correctly classified 92% of sample 
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Statistically Determined
Subtypes of MCI

Clark et al. (2013). JINS.  

ü Cluster analyses revealed different MCI subtypes 
depending on the MCI definition used  
- Both schemes revealed Amnestic and Mixed subtypes

- Mixed subtype more severely impaired in both schemes  
  (episodic/semantic memory impaired, executive dysfunc) 

- Nearly half cognitively normal via conventional scheme; 
  dx susceptible to false positive diagnostic errors

ü Amnestic / Non-Amnestic dichotomy summarily 
combines all non-memory deficits and obscures 
important profile differences; does not adequately 
capture the heterogeneity of MCI.  

Cluster Analyses of MCI participants by 
Conventional ADNI Diagnostic Criteria         

and Neuropsychological Criteria 

Bondi et al. (2014). J Alzheimer Dis. 

Cluster Analysis: ADNI Criteria
 

•  846 MCI participants based on ADNI criteria (304 Normal) 

•  Six measures: 
–  Animal Fluency & Boston Naming Test 
–  Trail Making Test, Parts A & B 
–  Rey Auditory Verbal Learning Test – Recall & Recognition 

•  Cluster analysis of z-scores identified 3 groups: 
–  Amnestic MCI (n = 477) 
–  Dysexecutive MCI (n = 104) 
–  Cluster-Derived Normal (n = 265) 

Bondi et al. (2014). J Alzheimer Dis. Bondi et al. (2014). J Alzheimer Dis. 

Cluster Analysis:     
Neuropsychological Criteria

 
•  401 MCI participants based on NP criteria 

•  Cluster analysis of z-scores identified 3 groups: 
– Amnestic MCI (n = 236) 
–  Impaired Language MCI (n = 86) 
– Dysexecutive/Mixed MCI (n = 79) 

 

Bondi et al. (2014). J Alzheimer Dis. Bondi et al. (2014). J Alzheimer Dis. 
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Conventional           Neuropsychological

Bondi et al. (2014). J Alzheimer Dis. 

CSF:	  Aβ1-‐42	  

Bondi et al. (2014). J Alzheimer Dis. 

CSF:	  p-‐Tau	  

Bondi et al. (2014). J Alzheimer Dis. 

Comparison of Progression Rates

MCI	  based	  on	  
ADNI	  criteria	  

MCI	  based	  on	  
Neuropsychological	  

Criteria	  

Progression	  to	  
demen3a	  

239	  (28%)	   179	  (45%)	  

Reversion	  to	  
normalcy	  

33	  (4%)	   2	  (0.5%)	  

No	  change	   574	  (68%)	   220	  (55%)	  

Total	   846	  (100%)	   401	  (100%)	  

Bondi et al. (2014). J Alzheimer Dis. 

Summary of Findings
 

•  Conventional MCI diagnosis produced a cognitively normal subtype 
(fully 1/3 of the ADNI MCI sample) 
–  Fewer APOE ε4 carriers 
–  Normal levels of CSF Aβ1-‐42	  and	  P-‐tau	  biomarkers	   
–  Fewer who progressed to dementia (4-5 fold less than impaired types) 
–  Were as likely to revert as to progress 

•  Neuropsychological method produced three distinct cognitive 
phenotypes of MCI 
–  CSF AD biomarker associations  
–  More stable diagnoses with negligible reversion 
–  Greater percentages who progress to dementia 
–  No Cluster-Derived Normal subtype 

•  Conventional criteria susceptible to false positive diagnostic errors 
due to its under-reliance on NP performance and over-reliance on 
–  Single impaired test scores 
–  Rating scales (CDR) and screening measures (MMSE) 
–  Subjective ratings of memory complaints 

Bondi et al. (2014). J Alzheimer Dis. 

Conclusions

•  Susceptibility of conventional criteria for MCI to false 
positive errors could have unfortunate consequences  
– prior MCI studies may be diluting important biomarker relationships 

•  Using an actuarial neuropsychological method to 
– circumvent interpreting an isolated impaired score 
– understand the base rates of ‘impaired’ low scores 
– apply cutoffs that optimize classification rates 
– assign less weight to subjective ratings of cognitive impairment 

     will reduce the potential for false positive errors. 
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Subjective Cognitive Complaints:  
Test of Everyday Cognition (ECog)

Edmonds et al. (2014). J Int Neuropsychol Soc. 
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Future Directions

•  Compare neuroimaging substrates of the cluster 
phenotypes of MCI

•  Examine for false negative diagnoses in ADNI

•  Add a 4th domain of visuospatial skills

•  Compare the 2-test per domain method to a 
broader battery with 3 tests per domain

•  Expand methodology to examine preclinical AD 

Amnestic 
(n=173) vs. NC 

Edmonds et al. (under review).
!

Neuroimaging Substrates

!
Edmonds et al. (under review).

Neuroimaging Substrates

Comparison of Diagnostic Methods: 
The Possibility of False Negative Diagnoses	  

Neuropsychological	  Criteria	  

	  
	  
	  
ADNI	  Criteria	  

MCI	   Normal	   Total	  

MCI	   388	   472	   860	  

Normal	   37	   483	  
	  

520	  

Total	   425	   955	   1,380	  

All NC and MCI subjects in ADNI database (with the 6 neuropsychological variables) 

Comparison of Diagnostic Methods: 
The Possibility of False Negative Diagnoses	  

CSF P-tau 
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Comparison of Diagnostic Methods: 
The Possibility of False Negative Diagnoses	  

CSF Amyloid 

Expand Diagnostic Methods to  
Operationalize Preclinical Alzheimer’s Disease	  

Sperling et al. (2011). Alz & Dem. 

Expand Diagnostic Methods to  
Operationalize Preclinical Alzheimer’s Disease	  

Edmonds et al. (2015). J Alzheimers Dis. 

Expand Diagnostic Methods to  
Operationalize Preclinical Alzheimer’s Disease	  

Edmonds et al. (2015). J Alzheimers Dis. 

Expand Diagnostic Methods to  
Operationalize Preclinical Alzheimer’s Disease	  

Edmonds et al. (2015). J Alzheimers Dis. 

Expand Diagnostic Methods to  
Operationalize Preclinical Alzheimer’s Disease	  

Edmonds et al. (2015). J Alzheimers Dis. 



15

Need for Better Recognition of  
Multiple Pathologies in Biomarker Studies 

ü Cerebrovascular disorders 
    common in AD: 

Ø  Infarction 

Ø  Atherosclerosis 

Ø  Cerebral amyloid angiopathy 

Ø  Subcortical small vessel disease / WMLs 

ü Detecting occult cerebrovascular dysfunction prior 
to observed lesions would represent a major 
advancement in preclinical AD detection 
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Trojan horses
In relation to the blood–brain 
barrier, this term is frequently 
used to describe the facilitated 
delivery into the brain of an 
otherwise non-transportable 
neuroactive therapeutic 
protein through the formation 
of a complex with another 
protein.

multiple-action’ agents (that is, drugs that have more 
than one target and thus have more than one action) 
will have a better chance of controlling the complex 
disease mechanisms that mediate neurodegeneration 
than agents that have only one target (for example, neu-
rons). According to the vasculo-neuronal-inflammatory 
triad model, in addition to neurons, brain endothelium, 
VSMCs, pericytes, astrocytes and activated microglia are 
all important therapeutic targets.

Here, I will briefly discuss a few therapeutic strate-
gies based on the vasculo-neuronal-inflammatory triad 
model. VEGF and other angioneurins may have multi-
ple targets, and thus multiple actions, in the CNS120. For 
example, preclinical studies have shown that treatment 
of SOD1G93A rats with intracerebroventricular VEGF196 
or intramuscular administration of a VEGF-expressing 
lentiviral vector that is transported retrogradely to motor 
neurons in SOD1G93A mice197 reduced pathology and 
extended survival, probably by promoting angiogenesis 
and increasing the blood flow through the spinal cord 
as well as through direct neuronal protective effects of 
VEGF on motor neurons. On the basis of these and other 
studies, a phase I–II clinical trial has been initiated to 
evaluate the safety of intracerebroventricular infusion 
of VEGF in patients with ALS198. Treatment with angio-
genin also slowed down disease progression in a mouse 
model of ALS199.

IGF1 delivery has been shown to promote amyloid-β 
vascular clearance and to improve learning and memory 
in a mouse model of Alzheimer’s disease200. Local intrac-
erebral implantation of VEGF-secreting cells in a mouse 
model of Alzheimer’s disease has been shown to enhance 
vascular repair, reduce amyloid burden and improve 
learning and memory201. In contrast to VEGF, which can 
increase BBB permeability, TGFβ, hepatocyte growth 
factor and fibroblast growth factor 2 promote BBB 
integrity by upregulating the expression of endothelial 
junction proteins121 in a similar way to APC43. However, 
VEGF and most growth factors do not cross the BBB, 
so the development of delivery strategies such as Trojan 
horses is required for their systemic use25.

A recent experimental approach with APC provides 
an example of a neurovascular medicine that has been 
shown to favourably regulate multiple pathways in non-
neuronal cells and neurons, resulting in vasculopro-
tection, stabilization of the BBB, neuroprotection and 
anti-inflammation in several acute and chronic models 
of the CNS disorders195 (BOX 2).

The recognition of amyloid-β clearance pathways 
(FIG. 4), as discussed above, opens exciting new thera-
peutic opportunities for Alzheimer’s disease. Amyloid-β 
clearance pathways are promising therapeutic targets 
for the future development of neurovascular medi-
cines because it has been shown both in animal models 
of Alzheimer’s disease1 and in patients with sporadic 
Alzheimer’s disease149 that faulty clearance from brain 
and across the BBB primarily determines amyloid-β 
retention in brain, causing the formation of neurotoxic 
amyloid-β oligomers56 and the promotion of brain and 
cerebrovascular amyloidosis3. The targeting of clearance 
mechanisms might also be beneficial in other diseases; 
for example, the clearance of extracellular mutant SOD1 
in familial ALS, the prion protein in prion disorders and 
α-synuclein in Parkinson’s disease might all prove ben-
eficial. However, the clearance mechanisms for these 
proteins in these diseases are not yet understood.

Conclusions and perspectives
Currently, no effective disease-modifying drugs are avail-
able to treat the major neurodegenerative disorders202–204. 

Box 1 | The two-hit vascular hypothesis for Alzheimer’s disease

Substantial overlap exists among risk factors for cerebrovascular disorder and 
Alzheimer’s disease9,88,205. For example, midlife diabetes10,206, hypertension207 and 
obesity208 are vascular risk factors that predispose individuals to Alzheimer’s disease 
and vascular dementia. It is now widely recognized that most cases of Alzheimer’s 
disease have mixed vascular pathology and small-vessel disease88,209. Moreover, brain 
hypoperfusion–hypoxia53, silent infarcts210, the presence of one or more infarctions211, 
stroke episodes and transient ischaemic or hypoxic attacks all increase the risk of 
Alzheimer’s disease. In this disorder, although the molecular and cellular events for each 
step in the disease process and for each risk factor are not absolutely clear, vascular 
factors might all converge on a common final disease pathway, involving brain 
microvascular dysfunction and/or degeneration, as well as amyloid-β and tau 
pathology. According to the two-hit vascular hypothesis of Alzheimer’s disease, 
vascular risk factors (hit one) lead to blood–brain barrier (BBB) dysfunction and a 
reduction in cerebral blood flow (oligaemia), initiating a cascade of events that 
precedes dementia. In the non-amyloid-β pathway (see the figure, shown in green 
boxes), toxic accumulates and capillary hypoperfusion induce early neuronal 
dysfunction. Vascular injury also reduces amyloid-β clearance at the BBB and increases 
production of this peptide from the amyloid-β precursor protein (APP), leading to 
amyloid-β accumulation (the amyloid-β pathway; see the figure, shown in red boxes). 
The increase in amyloid-β (hit two) amplifies neuronal dysfunction, accelerates 
neurodegeneration and dementia, and contributes to disease self-propagation. 
Amyloid-β and/or hypoperfusion can induce hyperphosphorylation of tau (p-tau) , 
leading to neurofibrillary tangle formation.

R E V I E W S
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The Two-Hit Vascular Hypothesis
For Alzheimer’s Disease

Zlokovic (2011). Nat Rev Neurosci.   
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multiple-action’ agents (that is, drugs that have more 
than one target and thus have more than one action) 
will have a better chance of controlling the complex 
disease mechanisms that mediate neurodegeneration 
than agents that have only one target (for example, neu-
rons). According to the vasculo-neuronal-inflammatory 
triad model, in addition to neurons, brain endothelium, 
VSMCs, pericytes, astrocytes and activated microglia are 
all important therapeutic targets.

Here, I will briefly discuss a few therapeutic strate-
gies based on the vasculo-neuronal-inflammatory triad 
model. VEGF and other angioneurins may have multi-
ple targets, and thus multiple actions, in the CNS120. For 
example, preclinical studies have shown that treatment 
of SOD1G93A rats with intracerebroventricular VEGF196 
or intramuscular administration of a VEGF-expressing 
lentiviral vector that is transported retrogradely to motor 
neurons in SOD1G93A mice197 reduced pathology and 
extended survival, probably by promoting angiogenesis 
and increasing the blood flow through the spinal cord 
as well as through direct neuronal protective effects of 
VEGF on motor neurons. On the basis of these and other 
studies, a phase I–II clinical trial has been initiated to 
evaluate the safety of intracerebroventricular infusion 
of VEGF in patients with ALS198. Treatment with angio-
genin also slowed down disease progression in a mouse 
model of ALS199.

IGF1 delivery has been shown to promote amyloid-β 
vascular clearance and to improve learning and memory 
in a mouse model of Alzheimer’s disease200. Local intrac-
erebral implantation of VEGF-secreting cells in a mouse 
model of Alzheimer’s disease has been shown to enhance 
vascular repair, reduce amyloid burden and improve 
learning and memory201. In contrast to VEGF, which can 
increase BBB permeability, TGFβ, hepatocyte growth 
factor and fibroblast growth factor 2 promote BBB 
integrity by upregulating the expression of endothelial 
junction proteins121 in a similar way to APC43. However, 
VEGF and most growth factors do not cross the BBB, 
so the development of delivery strategies such as Trojan 
horses is required for their systemic use25.

A recent experimental approach with APC provides 
an example of a neurovascular medicine that has been 
shown to favourably regulate multiple pathways in non-
neuronal cells and neurons, resulting in vasculopro-
tection, stabilization of the BBB, neuroprotection and 
anti-inflammation in several acute and chronic models 
of the CNS disorders195 (BOX 2).

The recognition of amyloid-β clearance pathways 
(FIG. 4), as discussed above, opens exciting new thera-
peutic opportunities for Alzheimer’s disease. Amyloid-β 
clearance pathways are promising therapeutic targets 
for the future development of neurovascular medi-
cines because it has been shown both in animal models 
of Alzheimer’s disease1 and in patients with sporadic 
Alzheimer’s disease149 that faulty clearance from brain 
and across the BBB primarily determines amyloid-β 
retention in brain, causing the formation of neurotoxic 
amyloid-β oligomers56 and the promotion of brain and 
cerebrovascular amyloidosis3. The targeting of clearance 
mechanisms might also be beneficial in other diseases; 
for example, the clearance of extracellular mutant SOD1 
in familial ALS, the prion protein in prion disorders and 
α-synuclein in Parkinson’s disease might all prove ben-
eficial. However, the clearance mechanisms for these 
proteins in these diseases are not yet understood.

Conclusions and perspectives
Currently, no effective disease-modifying drugs are avail-
able to treat the major neurodegenerative disorders202–204. 

Box 1 | The two-hit vascular hypothesis for Alzheimer’s disease

Substantial overlap exists among risk factors for cerebrovascular disorder and 
Alzheimer’s disease9,88,205. For example, midlife diabetes10,206, hypertension207 and 
obesity208 are vascular risk factors that predispose individuals to Alzheimer’s disease 
and vascular dementia. It is now widely recognized that most cases of Alzheimer’s 
disease have mixed vascular pathology and small-vessel disease88,209. Moreover, brain 
hypoperfusion–hypoxia53, silent infarcts210, the presence of one or more infarctions211, 
stroke episodes and transient ischaemic or hypoxic attacks all increase the risk of 
Alzheimer’s disease. In this disorder, although the molecular and cellular events for each 
step in the disease process and for each risk factor are not absolutely clear, vascular 
factors might all converge on a common final disease pathway, involving brain 
microvascular dysfunction and/or degeneration, as well as amyloid-β and tau 
pathology. According to the two-hit vascular hypothesis of Alzheimer’s disease, 
vascular risk factors (hit one) lead to blood–brain barrier (BBB) dysfunction and a 
reduction in cerebral blood flow (oligaemia), initiating a cascade of events that 
precedes dementia. In the non-amyloid-β pathway (see the figure, shown in green 
boxes), toxic accumulates and capillary hypoperfusion induce early neuronal 
dysfunction. Vascular injury also reduces amyloid-β clearance at the BBB and increases 
production of this peptide from the amyloid-β precursor protein (APP), leading to 
amyloid-β accumulation (the amyloid-β pathway; see the figure, shown in red boxes). 
The increase in amyloid-β (hit two) amplifies neuronal dysfunction, accelerates 
neurodegeneration and dementia, and contributes to disease self-propagation. 
Amyloid-β and/or hypoperfusion can induce hyperphosphorylation of tau (p-tau) , 
leading to neurofibrillary tangle formation.
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Figure 5 | A model of vascular damage in Alzheimer’s disease. a | In the early stages of Alzheimer’s disease, small pial and 
intracerebral arteries develop a hypercontractile phenotype that underlies dysregulated cerebral blood flow (CBF). This 
phenotype is accompanied by diminished amyloid-β clearance by the vascular smooth muscle cells (VSMCs). In the later 
phases of Alzheimer’s disease, amyloid deposition in the walls of intracerebral arteries leads to cerebral amyloid angiopathy 
(CAA), pronounced reductions in CBF, atrophy of the VSMC layer and rupture of the vessels causing microbleeds. b | At the 
level of capillaries in the early stages of Alzheimer’s disease, blood–brain barrier (BBB) dysfunction leads to a faulty amyloid-β 
clearance and accumulation of neurotoxic amyloid-β oligomers in the interstitial fluid (ISF), microhaemorrhages and 
accumulation of toxic blood-derived molecules (that is, thrombin and fibrin), which affect synaptic and neuronal function. 
Hyperphosphorylated tau (p-tau) accumulates in neurons in response to hypoperfusion and/or rising amyloid-β levels. At this 
point, microglia begin to sense neuronal injury. In the later stages of the disease in brain capillaries, microvascular 
degeneration leads to increased deposition of basement membrane proteins and perivascular amyloid. The deposited 
proteins and amyloid obstruct  capillary blood flow, resulting in failure of the efflux pumps, accumulation of metabolic waste 
products, changes in pH and electrolyte composition and, subsequently, synaptic and neuronal dysfunction. Neurofibrillary 
tangles (NFTs) accumulate in response to ischaemic injury and rising amyloid-β levels. Activation of microglia and astrocytes 
is associated with a pronounced inflammatory response. ROS, reactive oxygen species.
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Appreciating the Vascular Contributions
To AD Neurodegeneration
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Elevated CVR in AD  

Bangen et al (2014). Alzheimers Dement.   

Nation et al (2015). JAMA Neurology.   
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Higher MAP is associated with lower CBF in persons 
without dementia. 

Higher PP is associated with amyloid and 
tau in cognitively normal. 
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BBB Breakdown in Normal Aging and MCI	  

Montagne et al. (2015). Neuron. 

Appreciating the Combination of 
Vascular and AD Pathologies

Iadecola (2013). Neuron.   

Summary: Improving Prediction 
of Outcomes

•  Cognitive markers remain either comparable or  
     better predictors of progression than biomarkers 
•  Neuropsychological approaches to MCI and 

Preclinical AD diagnosis provide a more thorough 
sampling of cognitive domains and ultimately a more 
complete accounting of the validity and reliability of 
diagnoses 

 

•  Need for better integration of multiple markers and 
better recognition of multiple pathologies 

 - e.g., Cognition + AD Biomarkers + Vascular Biomarkers 

Thank You


