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Abstract
The global prevalence of dementia is estimated to be as high as 24 million, and is predicted to
double every 20 years through to 2040, leading to a costly burden of disease. Alzheimer disease
(AD) is the leading cause of dementia and is characterized by a progressive decline in cognitive
function, which typically begins with deterioration in memory. Before death, individuals with this
disorder have usually become dependent on caregivers. The neuropathological hallmarks of the
AD brain are diffuse and neuritic extracellular amyloid plaques—which are frequently surrounded
by dystrophic neurites—and intracellular neurofibrillary tangles. These hallmark pathologies are
often accompanied by the presence of reactive microgliosis and the loss of neurons, white matter
and synapses. The etiological mechanisms underlying the neuropathological changes in AD
remain unclear, but are probably affected by both environmental and genetic factors. Here, we
provide an overview of the criteria used in the diagnosis of AD, highlighting how this disease is
related to, but distinct from, normal aging. We also summarize current information relating to AD
prevalence, incidence and risk factors, and review the biomarkers that may be used for risk
assessment and in diagnosis.

Introduction
Dementia is characterized by deterioration in cognition, function and behavior, and places a
considerable burden on society. In the US alone, Alzheimer disease (AD)—the most
frequent cause of dementia—is associated with an estimated health-care cost of US$172
billion per year.1

© 2011 Macmillan Publishers Limited. All rights reserved

Correspondence to: R. Mayeux, rpm2@columbia.edu.

Competing interests
R. Mayeux declares an association with the following organization: NIH. See the article online for full details of the relationship. The
other authors, the journal Chief Editor H. Wood and the CME questions author L. Barclay declare no competing interests.

Laurie Barclay, freelance writer and reviewer, is the author of and is solely responsible for the content of the learning objectives,
questions and answers of the MedscapeCME-accredited continuing medical education activity associated with this article.

Author contributions
C. Reitz, C. Brayne and R. Mayeux researched the data for the article, provided substantial contributions to discussions of the content,
and contributed equally to writing the article and to review and/or editing of the manuscript before submission.

supplementary information is linked to the online version of the paper at www.nature.com/nrneurol

NIH Public Access
Author Manuscript
Nat Rev Neurol. Author manuscript; available in PMC 2012 April 30.

Published in final edited form as:
Nat Rev Neurol. 2011 March ; 7(3): 137–152. doi:10.1038/nrneurol.2011.2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.nature.com/nrneurol


The key pathological changes that are observed in AD brain tissue are increased levels of
both the amyloid-β (Aβ) peptide, which is deposited extracellularly in diffuse and neuritic
plaques, and hyperphosphory-lated tau (p-tau), a microtubule assembly protein that
accumulates intracellularly as neurofibrillary tangles (nFts). In addition to these pathologies,
widespread loss of neurons and synapses is observed. The mechanisms underlying the
changes outlined above are unknown but, when present, these neuro pathological features
confer a diagnosis of definite AD, according to current diagnostic criteria (see below).

In this article, we review the criteria used to diagnose AD, and summarize current
knowledge regarding AD prevalence, incidence, and genetic and nongenetic risk factors. We
also examine the value and limitations of biomarkers that may be used to determine AD risk
and to aid diagnosis of this disease.

Diagnostic criteria
Over the past century, the classification of dementia subtypes has been revised repeatedly
(Box 1). The key classification for the diagnosis of AD has been the National Institute of
Neurological and Communicative Disorders and Stroke and Alzheimer’s Disease and
Related Disorders Association (NINCDS–ADRDA; Box 2) criteria, which were established
in 1984.1 These criteria link clinical patterns to neuropathology and use the labels possible,
probable and definite AD in patient diagnosis.2 Despite the widespread use of this
classification, several notable issues are associated with the extrapolation of
clinicopathological findings for diagnosis (Box 3).

The original NINCDS–ADRDA criteria have received updates and undergone revisions, and
have been incorporated into major international criteria, including the Diagnostic and
Statistical Manual of Mental Disorders (DSM; Box 2) and the International Classification of
Diseases. The NINCDS–ADRDA and DSM criteria are again under review, as the AD
spectrum is now understood to be broader than was previously thought: pathological
changes (such as cerebrovascular changes) other than the key AD pathologies (that is,
amyloid plaques and NFTs) are now believed to precede or coexist with AD, and contribute
to the cognitive and physical dysfunction observed in this disorder. The use of biomarkers
may increase diagnostic specificity for AD and, consequently, will be considered in the
updated criteria.

Since its instigation, the definition of an intermediate state between normal cognition and
dementia, namely mild cognitive impairment (MCI), has been modified and investigated in
many settings. In clinical settings, where cognitive impairment is most likely to be detected,
MCI has proved a useful label to define people who are at risk of developing AD. In
population settings, however, where cognitive impairment is less likely to be detected, this
label has proved to be less valuable.

Prevalence and incidence
By 2005, 24.2 million people worldwide had dementia and 4.6 million new cases of this
condition were arising every year (Table 1);3 ≈ 70% of these cases were attributed to AD.
Among regional populations of individuals aged ≥60 years, those from North America and
Western Europe exhibited the highest prevalence of dementia (6.4% and 5.4%,
respectively), followed by those from Latin America (4.9%) and China and its western-
Pacific neighbours (4.0%). Meanwhile, the annual regional dementia incidence rates (per
1,000 individuals in the population) were estimated to be 10.5 for North America, 8.8 for
Western Europe, 9.2 for Latin America, and 8.0 for China and its western-Pacific
neighbours.3 For all these populations, the incidence rate for dementia increased
exponentially with age, with the most notable rise occurring through the seventh and eighth
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decades of life. The prevalence and incidence rates for AD also increase exponentially with
age (Supplementary Figure 1 online).

The incidence rates of AD and dementia in people aged <75 years seem to be relatively
similar across studies, but in the oldest age groups these rates vary (Supplementary Figure 1
online). Methodological issues partly account for the observed divergence; however, the
estimates might also reflect geographical differences in age-dependent incidence owing to
variation in survival and the prevalence of risk and protective factors.

Risk and protective factors
Various risk and protective factors have been linked to dementia and/or AD. Two types of
analytical approaches have been used to identify such factors, namely observational studies
(that is, case–control, cohort and cross-sectional studies) and experimental studies (that is,
clinical trials). The strengths and weaknesses of such approaches are highlighted in Table 2.

Risk factors
Risk factors are antecedents of part of the disease pathway, and can be associated with the
etiology or the outcome of a disease. Such factors may be used to assess disease risk but do
not usually provide sufficient sensitivity and/or specificity to be employed as diagnostic
markers.

Various risk factors have been found to be associated with dementia and/or AD. Of note,
many recognized vascular risk factors for ischemic heart disease and/or stroke are also risk
factors for dementia. Diabetes, hyper tension, smoking and obesity have all been found to
increase dementia risk. Nevertheless, while vascular risk factors and cerebrovascular disease
clearly underlie vascular dementia, an etiological role for vascular changes in Aβ deposition
and, hence, AD remains unclear. Figure 1 shows possible mechanisms linking vascular
disease to dementia.

Cerebrovascular disease—Cerebrovascular changes such as hemorrhagic infarcts,
small and large ischemic cortical infarcts, vasculopathies, and white matter changes all
increase the risk of dementia. A meta-analysis incorporating data from 22 hospital-based and
eight population-based cohorts4 found that 7.4% of patients with first-ever stroke developed
poststroke dementia. Several mechanisms exist through which stroke could lead to cognitive
impairment and AD. First, stroke may lead directly to damage of brain regions that are
important in memory function, such as the thalamus and the thalamocortical projections.
Second, stroke might increase Aβ deposition, which in turn can lead to cognitive decline.
Third, the onset of stroke may induce inflammatory responses that impair cognitive
function. Last, hypoperfusion can lead to overexpression of cyclin-dependent kinase 5
(CDK5), a serine–threonine kinase that is critical to synapse formation and synaptic
plasticity and, hence, to learning and memory.5 Aberrant CDK5 activation is associated with
neuronal apoptosis and death.6 This kinase may also be involved in the abnormal
phosphorylation of tau, thereby contributing to the formation of NFTs,7 and might be a key
protein linking NFT pathology to amyloid plaques.

Blood pressure—Inconsistencies exist between data from cross-sectional and
longitudinal studies that have examined the effect of blood pressure on brain function. In
part, these inconsistencies can be attributed to differences in study design; specifically,
variation in the time between measurement of blood pressure and assessment of cognitive
abilities, and in the age at which these parameters were measured. In contrast to the results
of cross-sectional and longitudinal studies, data from observational studies exploring the
association between elevated levels of blood pressure in midlife (40–60 years of age) and
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late-life cognitive impairment have proved to be relatively consistent across cohorts,8–11

although results relating to the association between late-life blood pressure levels and
cognitive decline and dementia remain inconsistent.12–15

In middle age, elevated blood pressure increases the risk of cognitive impairment, dementia
and AD. Hypertension may increase the risk of AD by decreasing the vascular integrity of
the blood–brain barrier (BBB), resulting in protein extravasation into brain tissue.16 In turn,
protein extravasation can lead to cell damage, a reduction in neuronal or synaptic function,
apoptosis, and an increase in Aβ accumulation, resulting in cognitive impairment.17 With
increasing age, the effect of elevated blood pressure on AD risk diminishes and may even
become inverted, with an increase in blood pressure showing a protective effect. This
observation might be explained by the fact that following the onset of AD, blood pressure
begins to decrease, possibly as a result of vessel stiffening, weight loss and changes in the
autonomic regulation of blood flow.

Seven randomized, placebo-controlled trials (RCTs) have evaluated the benefit of
antihypertensive treatments in patients with cognitive impairment. Three studies showed that
such agents had a beneficial effect. In the systeur trial, which included patients without
dementia who were aged >60 years,18 the risk of dementia (diagnosed according to the
revised DSM-III criteria) was reduced by 55% in the treatment group (nitren-dipine alone or
in combination with enalapril maleate, hydrochlorothiazide or both add-on drugs) compared
with the placebo group. In PROGRESS,19 which involved 6,105 individuals with prior
stroke or transient ischemic attack, patients treated with perindopril (with or without
indapamide) saw a 12% reduction in their risk of dementia (diagnosed according to DSM-IV
criteria) in the absence of recurrent stroke, a 34% decrease in their risk of dementia with
recurrent stroke, and a 54% drop in their risk of cognitive decline (decline of ≥3 points in
the Mini Mental state examination [MMSE]) with recurrent stroke, in comparison with
patients who received placebo. Among 81 community-screened, dementia-free individuals
(aged >69 years, with no previous record of receiving antihypertensive treatment) who
underwent captopril or bendrofluazid treatment in the HOPE trial,20 those in the most
treatment-responsive quartile (blood pressure reduction ≥19 mmHg) had improved scores on
the Anomalous sentences and Paired Associates Tests compared with those in the least
treatment-responsive quartile (blood pressure reduction ≤5 mmHg). Nevertheless, other
RCTs evaluating the benefit of antihypertensive treatment on cognitive decline (that is, the
MRC study,21 SHEP,22 SCOPE23 and HYVET-COG24) have disclosed nonsignificant
effects from such therapies, thereby failing to clarify the effect of blood-pressure-lowering
medication on cognitive decline.

Type 2 diabetes—In observational studies, type 2 diabetes (T2D) has been found to
nearly double the risk of AD.25–27 Various mechanisms have been proposed whereby
diabetes might influence the development of AD. In cases of hyper-insulinemia
accompanying diabetes, insulin may compete with Aβ for the insulin degrading enzyme
(IDE), thereby hindering clearance of Aβ from the brain.28 Moreover, a histopathological
study of hippocampal tissue from patients with AD and healthy controls showed relative
reductions in IDE expression and IDE messenger RNA levels in AD brain tissue.29

Diabetes and impairment of glucose tolerance lead to the formation of advanced
glycosylation end products (AGEs), and amyloid plaques and NFTs contain receptors for
AGEs (RAGEs). Glycation of Aβ enhances its propensity to aggregate in vitro.30 In
addition, RAGEs may facilitate the neuronal damage caused by Aβ,31 as the latter is a high-
affinity ligand for cell-surface RAGEs.
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Adipose tissue produces adipokines (such as adiponectin and leptin) and cytokines
(including resistin, tumor necrosis factor [TNF] and interleukin [IL]-6), which are involved
in metabolism and inflammation, respectively. Adipokine and cytokine levels increase with
insulin resistance and hyperinsulinemia. Nevertheless, whether adipokines and cytokines are
indicators of insulin resistance remains unclear, as is whether these signaling molecules are
causally related to AD. Evidence suggests that leptin exerts beneficial effects on brain
regions that are important for memory function, including the CA1 region of the
hippocampus.32 Moreover, leptin receptor-deficient transgenic mice showed less synaptic
plasticity and showed poorer performance on spatial memory tasks than did wild-type
mice33 and, in the Framingham study, high circulating plasma leptin levels were associated
with a decrease in AD risk and high cerebral brain volumes in cognitively normal adults,
although these associations were restricted to non-obese people.34

A meta-analysis by Profenno et al., which included 10 longitudinal studies examining the
relationship between T2D and AD,35 found that T2D increased the risk of AD by 54%.
Nevertheless, studies examining the relationship between T2D and the neuropathological
hallmarks of AD have proved inconsistent: while some studies showed that patients with
diabetes had higher numbers of amyloid plaques or NFTs than healthy controls,36,37 other
investigations found no association or an inverse relationship between such lesions and
diabetes.37,38

Several RCTs have explored the effects of antidiabetic drugs on cognitive impairment. In a
study by Reger and colleagues,39 intranasal administration of insulin altered cognitive
performance in elderly patients with amnestic MCI or early AD in an apolipoprotein E
(APOE) genotype-dependent fashion. In memory-impaired adults who did not harbor the
APOE ε4 allele (a genetic risk factor for AD; see below), but not in APOE ε4-positive
adults, insulin administration facilitated immediate recall at doses of 20 IU (P = 0.0006) and
40 IU (P = 0.0013) compared with placebo treatment. In a study of patients with AD or
amnestic MCI by Watson and colleagues, which considered effect sizes (f2) of 0.02, 0.15
and 0.35 as small, medium and large effects, respectively, individuals who received 6
months of treatment with the peroxisome proliferator-activated receptor (PPAR)-γ agonist
rosiglitazone (n = 20) showed moderate-to-large improvements in delayed recall (P =
0.0138; f2 = 0.31) and large improvements in selective attention (P = 0.0061; f2 = 0.38)
compared with patients receving placebo (n = 10).40 A study of 511 patients with AD
demonstrated that APOE ε4 noncarriers exhibited cognitive and functional improvement in
response to rosiglitazone (mean changes in the AD Assessment Scale cognition subscale
[ADAS-cog] for placebo and 8 mg rosiglita-zone were 1.5 and −2.0, respectively; P =
0.02).41 Finally, Sato et al. showed that daily treatment with 15–30 mg pioglitazone was
associated with improvements in scores on the MMSE (23.1 ± 4.1 with pioglitazone versus
22.1 ± 3.5 with placebo) and on the ADAS-cog (142 ± 6.5 with pioglitazone versus 15.5 ±
5.9 with placebo) after 6 months (n = 21 in both treatment arms).42 Of note, PPARγ
agonists have been shown to inhibit inflammatory gene expression, alter Aβ homeostasis
and exhibit neuro protective effects.43

Body weight—Early studies examining body fat distribution and cognitive dysfunction
showed that low BMI or being underweight seemed to be risk factors for dementia and age-
related brain changes such as atrophy.44,45 Later prospective studies, however, have linked
both low and high body weight to a heightened risk of AD and cognitive impairment,
suggesting a U-shaped relationship between weight and cognitive performance.46–48 The
association of body weight with the risk of AD seems to depend on the age at which body
weight is measured. In addition, evidence exists for reverse causation in the years preceding
dementia onset; that is, loss of body weight is caused by cognitive impairment during the
prodromal phase of dementia.49 Of note, the relationship between body weight and cognitive
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impairment and dementia seems to be driven by central obesity.50 The aforementioned
meta-analysis by Profenno et al. showed that obsesity (as assessed by BMI) increased the
risk of AD by 59%.35

Plasma lipid levels—Conflicting data are available concerning the relationship between
dyslipidemia and cognitive impairment or AD.51–56 Amyloid precursor protein (APP) can
be broken down by enzymes, termed the secretases, via two routes, the nonamyloidogenic
and amyloidogenic pathways. In the second pathway, APP is proteolytically cleaved by β-
secretase and, subsequently, γ-secretase to gene rate Aβ, the most common isoforms of
which comprise 40 (Aβ1–40) and 42 (Aβ1–42) amino acids, with the latter being the most
fibrogenic of the two peptide species. Evidence exists that depletion of membrane
cholesterol inhibits secretase cleavage of APP, thereby lowering Aβ1–40 and Aβ1–42
accumulation. Nevertheless, dyslipidemia increases the risk of vascular disease, which in
turn is associated with a heightened risk of AD. In people at risk of cardiovascular and
cerebrovascular disease, statins are the first-line treatments for reducing cholesterol levels.
Three rCts—involving 748 participants aged 50–90 years—have explored the effect of
statins on AD risk.58–56 Overall, these studies yielded insufficient evidence for a beneficial
effect of statins on AD risk. The results of a large-scale trial of simvastatin to slow AD
progression have yet to be published.61

Metabolic syndrome—Instead of exploring the effect of its subcomponents, several
studies have assessed the relationship between metabolic syndrome as a whole and the risk
of AD or cognitive decline. Most of these investigations demonstrated a positive association
between the presence of this syndrome and cognitive dysfunction.62–64

Smoking—The relationship between smoking and cognitive decline remains uncertain.
Case–control studies have largely suggested that smoking lowers the risk of AD,65–67

whereas prospective studies have shown that smoking increases this risk68–70 or has no
effect on the probability of developing AD.71,72 A meta-analysis that examined the
relationship between smoking and AD while accounting for tobacco-industry affiliation
found that the combined results of 18 cross-sectional studies without industry affiliations
yielded no association.73 By contrast, data from eight cross-sectional studies with tobacco-
industry affiliations suggested that smoking protected against AD. Analysis of 14 cohort
studies without tobacco-industry affiliations yielded a significant increase in the risk of AD
in smokers.

Smoking could affect the risk of AD via several mechanisms. Smoking may increase the
generation of free radicals, leading to high oxidative stress, or affect the inflammatory
immune system, leading to activation of phagocytes and further oxidative damage.74 In
addition, smoking may promote cerebrovascular disease. Evidence also exists, however, that
smoking can have a protective effect against AD. Nicotine has been suggested to induce an
increase in the level of nicotinic acetyl choline receptors, thereby counterbalancing the loss
of these receptors, and subsequent cholinergic deficits, observed in AD.75

Depressive symptoms—Depressive symptoms occur in 40–50% of patients with AD.
Some longitudinal and case–control studies have found an increase in the risk of AD or MCI
in individuals with a history of depression,76,77 but other studies have been unable to link
AD with this mood disorder.78,79 The potential mechanisms underlying the possible
association between these conditions might involve vascular pathways and effects of
depression on the hippocampal formation or the hypothalamic–pituitary–adrenal axis.

Reitz et al. Page 6

Nat Rev Neurol. Author manuscript; available in PMC 2012 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Psychological stress—Evidence from rodent studies suggests that chronic psychological
stress can alter brain morphology (such as hippocampal structure) and, as a result, exert a
detrimental effect on brain function, including memory.80 Thus, chronic psychological stress
might increase the risk of AD.

Traumatic brain injury—Retrospective studies81–83 suggested that individuals with a
history of traumatic brain injury (TBI) had a higher risk of dementia than individuals with
no history of such injury. Two meta-analyses84,85 demonstrated that among patients with
TBI, the risk of dementia was higher in men than in women. Prospective studies of the
relationship between TBI and AD have proved inconsistent, 86–88 but postmortem and
experimental studies support a link between these conditions. Evidence also exists that after
human brain injury, the extent of Aβ pathology89 and tau pathology increases in brain tissue,
cerebrospinal fluid (CSF) Aβ levels are elevated, and APP is overproduced.90

Protective factors
Diet—Diets high in fish, fruit and vegetables are high in antioxidants and polyunsaturated
fatty acids (PUFAS). In some observational population-based studies, people who had a
high intake of vitamins E and C (both antioxidants) were less likely to show cognitive
decline and had a lower AD risk than individuals with a low intake of these vitamins.91–93

By contrast, other large prospective studies of the effects of vitamins on AD risk found no
such associations,94,95 and investigations examining the effect of dietary PUFAs on the risk
of cognitive dysfunction proved inconclusive. Indeed, while several studies showed that the
consumption of PUFAs led to reductions in the risks of dementia and AD,96–98 MCI99 and
age-related cognitive decline,100 other studies found no association between dietary PUFAs
and cognitive impairment.101 Scarmeas et al. reported that consumption of a Mediterranean-
type diet (MeDi)—a diet characterized by a high intake of plant foods and fish (with olive
oil as the primary source of monounsaturated fat), a moderate intake of wine and a low
intake of red meat and poultry—reduced the incidence of AD102 and showed a trend towards
reducing the risk of MCI.103 These effects were independent of levels of physical activity104

and vascular comorbidity.105 In a subsequent cohort study in France, MeDi was found not to
alter performance on the Isaacs Set Test, the Benton Visual Retention Test or the Free and
Cued Selective Reminding Test, but was associated with high MMSE scores,106 providing
some support for the findings from the initial studies of this diet. In a meta-analysis of 15
prospective studies exploring the effect of alcohol on dementia risk,107 light to moderate
alcohol consumption was associated with a reduction in the risk of AD and dementia.

Most RCTs examining the effects of antioxidant supplementation have found no association
with cognitive performance.108–111 To date, prospective clinical trial data for dietary
supplementation with omega-3 PUFAs have shown no overall effect on cognition in patients
with MCI or AD, but have suggested that docosahexaenoic acid supplementation has a
beneficial effect on cognitive function in people harboring the APOE ε4 allele and in the
earliest stages of AD.112,113

Reactive oxygen species are clearly associated with neuronal damage in AD; however,
whether the presence of these molecules reflects a primary or secondary event in the
neurotoxic process remains unclear. Deposition of Aβ, which is an early event in AD, leads
to a decrease in cerebral iron and copper concentrations, resulting in oxidative stress and
neuronal damage.114 Evidence from in vitro studies indicates that vitamin E reduces the
extent of Aβ-induced lipid peroxidation and cell death.115 In addition, carotenes and vitamin
C protect against lipid peroxidation.116 Furthermore, vitamin C reduces the formation of
nitrosamines and may affect catecholamine synthesis.117,118 Evidence also exists that
antioxidant intake reduces AD risk through a reduction in the risk of cerebrovascular
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disease.119 Besides reducing oxidative stress, PUFAs have favorable effects on neuronal and
vascular functions and inflammatory processes.120,121

Physical activity—Epidemiological and experimental data suggest that physical exercise
may promote brain health. Conflicting results have, however, emerged from cross-sectional
and longitudinal observational studies that examined the relationship between exercise
levels and cognitive decline or dementia: while some studies indicated that physical activity
has a beneficial effect on brain health, others showed no association between these
variables.122–126

Physical activity could affect cognition via multiple mechanisms. An improvement in
aerobic fitness increases cerebral blood flow, oxygen extraction and glucose utilization,122

and activates growth factors that promote structural brain changes, such as an increase in
capillary density.128 In addition, rodent studies suggest that physical activity decreases the
rate of amyloid plaque formation.129

RCTs exploring the effects of exercise on cognitive function in healthy elderly individuals
have yielded conflicting results.130–133 A recent meta-analysis that included 11 RCTs
involving cognitively healthy people aged >55 years suggested that undertaking of aerobic
physical activities improves selective cognitive functions, including cognitive speed, as well
as auditory and visual attention.134

Intellectual activity—Following initial reports that elderly people with higher levels of
education had a lower incidence of dementia than individuals with no education, cognitive
activity was suggested to decrease the risk of cognitive decline by increasing cognitive
reserve. Several prospective studies subsequently found that both young135 and old136

people who engage in cognitively stimulating activities, such as learning, reading or playing
games, were less likely to develop dementia than individuals who did not engage in these
activities.

RCTs have shown a beneficial effect of intellectual interventions on cognitive function in
elderly, dementia-free individuals.137 The benefits of cognitive training seem to be domain
specific, however. Several trials found that while cognitive training can improve memory,
reasoning and mental processing speed in older adults,137 cognitive training did not have an
effect on all cognitive domains, and did not affect day-to-day functioning.138 In addition,
one study found that among elderly individuals, those with memory impairment showed less
improvement in cognition through memory training than those without such impairment.139

Consequently, in elderly people, the effect of cognitive training on the risk of dementia is
unclear, but several trials are underway.

Genetic epidemiology
AD is usually classified according to its age of onset. The majority (>95%) of patients who
develop this disease are aged >65 years (so-called late-onset AD), with 1–5% of AD cases
exhibiting an earlier onset, typically in the late 40s or early 50s (so-called early-onset AD).
Late-onset and early-onset AD are clinically indistinguishable; however, the latter is
generally more severe than the former and is associated with a more rapid rate of
progression. Moreover, the two forms of AD are associated with different patterns of genetic
epidemiology.

Early-onset Alzheimer disease
Three genes have been firmly implicated in the pathophysiology of early-onset AD, namely
APP itself, and the presenilin genes (PSEN1 and PSEN2), which encode proteins involved
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in APP breakdown and Aβ generation. AD-linked mutations in these three genes can be
considered to be ‘diagnostic biomarkers’ of this disease: these mutations exhibit high
penetrance (>85%), mostly show autosomal dominant inheritance, and lead with certainty to
Aβ aggregation and early-onset disease.

APP mutations account for <0.1% of AD cases. Most dominantly inherited AD-linked
missense mutations in APP affect the processing of the encoded protein, since the mutations
are positioned in or near the Aβ-coding exons (APP exons 16 and 17).140 In addition to
these dominant mutations, the APP mutation spectrum extends to two recessive mutations
(which only cause disease in the homozygous state), as well as APP locus duplications,
underscoring the importance of APP gene dosage in AD.140

At present, 182 different AD-related mutations from 401 families have been identified in
PSEN1, while only 14 AD-linked mutations from 23 families have been detected in
PSEN2.140 The majority of AD-linked PSEN1 and PSEN2 mutations are single-nucleotide
substitutions, but small deletions and insertions have been described as well. The presenilins
are functionally involved in the γ-secretase-mediated proteolytic cleavage of APP.141

Mutations in PSEN1 and PSEN2 impair this cleavage and cause an increase in the
Aβ1–42:Aβ1–40 ratio. This rise might occur through either an increase in Aβ1–42 levels, as
indicated in plasma and fibroblast media from PSEN-mutation carriers,142 or a decrease in
Aβ1–40 levels, suggesting a loss-of-function rather than a gain-of-function mechanism.

To summarize, all three causal AD genes lend support to a common pathogenic AD
pathway, with a pivotal role for Aβ. According to this amyloid hypothesis,
neurodegenerative processes in AD are the consequence of an imbalance between aβ
production and Aβ clearance, suggesting that other genes involved in these pathways might
also be risk factors for this disease.

Late-onset Alzheimer disease
The genes involved in late-onset AD increase disease risk and are not inherited in a
Mendelian fashion. First-degree relatives of patients with late-onset AD have twice the
expected lifetime risk of this disease of people who do not have an AD-affected first-degree
relative.143 In addition, AD occurs more frequently in monozygotic than in dizygotic co-
twins,144 suggesting a substantial genetic contribution to this disorder. In the largest twin
study of dementia, involving 11,884 participants in the swedish registry who were aged >65
years, 395 twin pairs were identified in which either one or both twins had AD.144 This
study demonstrated a heritability of 58–79% for late-onset AD, depending on the model that
was used in the data analysis.

Apolipoprotein E—APOE is the only established susceptibility gene for late-onset AD
and maps to chromosome 19 in a cluster with the genes encoding translocase of outer
mitochondrial membrane 40 (TOMM40), apolipoprotein C1 and apolipo-protein C2. APOE
is a lipid-binding protein that is expressed in humans as one of three common isoforms,
which are encoded by three different alleles, namely APOE ε2, APOE ε3 and APOE ε4.
The presence of a single APOE ε4 allele is associated with a 2–3-fold increase in the risk of
AD, while the presence of two copies of this allele is associated with a fivefold increase in
the risk of this disease. Each inherited APOE ε4 allele lowers the age of AD onset by 6–7
years.145–147 Furthermore, the presence of this allele is associated with memory impairment,
MCI, and progression from MCI to dementia.148 APOE ε4 has been suggested to account
for as much as 20–30% of AD risk.

Despite the studies linking APOE ε4 with AD, the presence of this allele is neither
necessary nor sufficient for disease: among participants in the Framingham study,149 55% of
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those who were homozygous for APOE ε4, 27% of those with one copy of this allele and
9% of those without an APOE ε4 allele developed AD by 85 years of age. Segregation
analyses conducted in families of patients with AD support the presence of at least four to
six additional major AD risk genes.150

Additional genetic risk variants—After APOE, the best-validated gene modulating
late-onset AD risk is the sortilin-related receptor 1 (SORL1) gene, which is located on
chromosome 11q23. SorL1 belongs to a group of five type I transmembrane receptors (the
others being sortilin, SorCS1, SorCS2 and SorCS3) that are highly expressed in the CNS
and are characterized by a luminal, extracellular vacuolar protein sorting 10 domain. From
family-based and population-based studies that, together, included over 6,000 individuals
from four ethnic groups, Rogaeva et al. identified two haplotypes in the 3' and 5' regions of
SORL1 that are associated with late-onset AD risk.151 In addition, these researchers
demonstrated that SorL1 promotes the translocation and retention of APP in subcellular
compartments that exhibit low secretase activity, thereby reducing the extent of proteolytic
breakdown into both amyloidogenic and nonamyloidogenic products.151 As a consequence,
under-expression of SORL1 leads to overexpression of Aβ and an increased risk of AD.
Several subsequent studies replicated these initial genetic association findings, and the
results were further validated by a collaborative, unbiased meta-analysis of all published
genetic data sets that included a total of 12,464 AD cases and 17,929 controls.152 In the past
year, two studies demonstrated that, in addition, genetic variation in the SORL1 homolog
SORCS1 influences AD risk, cognitive performance, APP processing and Aβ1–40 and
Aβ1–42 levels through an effect on γ-secretase processing of APP,153,154 further
emphazising the role of SorL1-related proteins in late-onset AD etiology.

Genome-wide association studies for AD using large numbers of cases and controls155–158

have revealed modest effect sizes for several genes on AD risk, with odds ratios in the range
of 1.1–1.5, although most of these studies have only confirmed the association of APOE
with this disease. One such study showed that variants of TOMM40—which is proximally
located to and in linkage disequilibrium with APOE—were associated with AD risk, but
whether these genetic associations are independent of the APOE locus remains unclear.159

Together, two genome-wide association studies identified variants in the clusterin gene
(CLU), the phosphatidylinositol-binding clathrin assembly protein gene (PICALM) and
complement receptor type 1 gene (CR1) as being associated with AD, but functional data
confirming the roles in AD of the proteins encoded by these genes are still lacking.160,161

Clusterin is a lipoprotein that is expressed in mammalian tissues and is incorporated into
amyloid plaques. This protein binds to soluble Aβ in CSF, forming complexes that can
penetrate the BBB. Clusterin levels are positively correlated with the number of APOE ε4
alleles, suggesting a compensatory induction of CLU in the brains of AD patients with the
APOE ε4 allele, who show low brain levels of APOE.162

CR1 encodes a protein that is likely to contribute to Aβ clearance from the brain,163 while
PICALM protein is involved in clathrin-mediated endocytosis, allowing intracellular
trafficking of proteins and lipids such as nutrients, growth factors and neurotransmitters.164

PICALM protein also has a role in the trafficking of vesicle-associated membrane protein 2,
a soluble N-ethylmaleimide-sensitive factor attachment protein receptor that is involved in
the fusion of synaptic vesicles to the presynaptic membrane in neurotransmitter release.

A third large genome-wide association study confirmed the associations of PICALM and
CLU with AD165 and reported two additional loci as being associated with AD: rs744373,
which is near the bridging integrator 1 gene (BIN1) on chromosome 2q14.3, and rs597668,
which is located on chromosome 19q13.3.
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Bin1 is a member of the Bar (Bin–amphiphysin–rvs) adaptor family, which has been
implicated in caspase-independent apoptosis and membrane dynamics, including vesicle
fusion and trafficking, neuronal membrane organization, and clathrin-mediated synaptic
vesicle formation.166 Of note, the latter process is disrupted by Aβ.167 Changes in BIN1
expression have also been shown in aging mice and in transgenic mouse models of AD.168

The locus rs597668 is not in linkage disequilibrium with APOE, suggesting that the effect of
this locus on AD risk is independent. Six genes are found in this region, of which at least
two (genes encoding biogenesis of lysosomal organelles complex 1 subunit 3 and
microtubule-associated protein–microtubule affinity-regulating kinase 4) are implicated in
molecular pathways linked to AD or other brain disorders.169–171

The results of the published genome-wide association studies are informative, but the
genetic associations need functional validation. Indeed, such studies alone cannot prove
causality or assess the biological significance of an observed genetic association.
Furthermore, while genome-wide association studies represent a method of screening the
genome, limitations exist in their ability to detect true associations. Also, the results of such
studies can be difficult to replicate if the actual effect is smaller than that observed in the
initial study. Finally, the detection of associations with multiple rare variants at a single site
(which are better detected by linkage studies) or with single rare variants (minor allele
frequency <5%) may not be possible. These limitations have led researchers to focus on
additional biological characteristics—including endophenotypes (Box 4) and epigenetic
characteristics (Box 5)—to facilitate the identification of disease-causing mutations.

Biomarkers
The epidemiological research exploring environmental and genetic risk factors for late-onset
AD has led to the identification of various biomarkers for this disease. In addition to being
helpful tools for the determination of disease risk, biomarkers are invaluable in establishing
a diagnosis. In contrast to the autosomal dominantly inherited mutations reviewed above, the
additional biomarkers that have been identified for AD are not definite markers of disease
but, rather, contribute to increasing the specificity of diagnosis. These additional biomarkers
include various measurements from CSF, blood and neuroimaging. The reliability,
specificity and sensitivity of these biomarkers are determined by epidemiological studies.

Cerebrospinal fluid biomarkers
The free transport of proteins between the brain and CSF provides a reflection of the
cerebral metabolic processes occurring in the latter. CSF levels of Aβ1–42, total tau (t-tau)
and p-tau are validated markers that may aid the accurate diagnosis of AD at an early stage
of disease.172 CSF samples from patients diagnosed as having AD or MCI contain lower
levels of Aβ1–42 and higher levels of t-tau or p-tau than do those from cognitively normal
individuals.173 Furthermore, t-tau CSF levels increase with AD progression.174 A
longitudinal study that aimed to clarify whether variation in the concentration pattern of
different-length Aβ peptides increases diagnostic power suggested that the combined levels
of Aβ1–37, Aβ1–38, Aβ1–39, Aβ1–40 and Aβ1–42 have a 91% sensitivity and a 64% specificity
in predicting progression from MCI to AD.175

The relationship between concentrations of amyloid plaques and NFTs in the brain and
levels of CSF biomarkers (that is, Aβ1–42, t-tau and p-tau) remains to be clarified. According
to one hypothesis,176 accumulation of protofibrillar Aβ species in the brain may result in a
reduction of soluble Aβ in the CSF and brain, and increased Aβ deposition in amyloid
plaques. Some studies suggested a positive correlation between p-tau CSF levels and NFT
concentration in people with AD;177 however, other studies were unable to validate these
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findings.178,179 In the interpretation of the data generated in these studies, the importance of
various influencing factors on Aβ and tau levels in CSF needs to be recognized. Increasing
age or carrying the APOE ε4 allele accelerates the deposition of Aβ1–42 in the brain and
lowers CSF Aβ1–42 levels.180 Also, CSF APOE levels correlate positively with CSF levels
of t-tau and 24S-hydroxycholesterol in patients with cognitive disorders.181 Supplementary
Table 1 shows additional CSF biomarkers that have been reported for predicting the risk or
aiding the diagnosis of AD. In a large-scale meta-analysis of 14 studies exploring
biomarkers for pre clinical AD, the effect sizes of aβ1–42, t-tau and p-tau ranged from 0.91–
1.11, suggesting that the sensitivity of these markers for this condition is modest.182

Plasma biomarkers
Owing to the properties of the BBB, plasma bio markers comprise only small or lipophilic
proteins, and proteins carried by specific transporters that are able to cross this barrier. The
exact mechanisms underlying the interaction between brain and plasma Aβ levels remain
unclear; however, under physiological conditions, a steady-state level of brain Aβ exists that
is maintained by a balance between the production and deposition of Aβ in the brain and the
production of this peptide in the periphery by platelets. RAGEs transport plasma Aβ through
the BBB into the brain, whereas the cell-surface low-density lipoprotein receptor related
protein-1 transports this peptide from the brain into plasma. In healthy individuals, brain Aβ
levels are, therefore, reflected by plasma Aβ concentrations. In patients with dementia, the
relationship between brain Aβ levels and the concentration of Aβ in plasma is unclear,
owing to deposition of Aβ in amyloid plaques.

In familial AD142,183 and Down syndrome with APP triplication,184 total Aβ levels and
Aβ1–42 levels in plasma are elevated. In sporadic AD, the usefulness of plasma Aβ as a risk
biomarker remains controversial.185,186 Studies found associations between plasma Aβ1–40
levels and AD,186 reported no association between AD risk and plasma Aβ levels,187

showed that plasma Aβ1–42 levels are reduced in patients with AD compared with healthy
controls,188 or demonstrated that levels of plasma Aβ1–42 decrease before the onset of
AD.189 These contrasting findings result from variability in the timing of sample collection
across studies, the use of different antibodies to detect Aβ, and a lack of validation of
plasma Aβ as a risk biomarker for AD.

One study showed that in comparison with individuals who remained healthy during the
follow-up period, participants who later went on to develop AD showed a significant
increase in plasma Aβ1–42 levels but no rise in plasma Aβ1–40 levels after the initial
examination.189 At the time of conversion to AD, however, levels of plasma Aβ1–42 and the
Aβ1–42:Aβ1–40 ratio decreased significantly. These findings indicate that elevated plasma
Aβ1–42 is an antecedent risk factor for AD, while decreasing levels of plasma Aβ1–42 or a
decline in the Aβ1–42:Aβ1–40 ratio mark disease onset.

Several other molecules have been investigated as plasma biomarkers for AD risk, including
homocysteine, various proteins linked to inflammation (for example, C-reactive protein,
IL-1β, TNF, IL-6 and transforming growth factor β), and cholesterol. These molecules have,
however, all yielded inconsistent data across studies.

Structural MRI
Late-onset AD is characterized by medial temporal lobe atrophy, particularly in the
hippocampal formation and the amygdala (Figure 2). In early-onset AD, brain atrophy may
be located more posteriorly than in late-onset AD, and may involve the posterior cortex,190

occipital lobes, precuneus, posterior cingulate191 and amygdala.192 Atrophy in the
hippocampus and entorhinal cortex is associated with a decline in memory function,
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progression of memory impairment193 and an increased risk of AD.194 These changes are
not specific to AD, however, and substantial anatomical overlap prevails between the types
of atrophy observed in AD, various other neurodegenerative disorders and normal aging.
Thus, such changes are not sufficient to establish a definitive diagnosis of AD. In addition,
while non specific white matter changes appear frequently in healthy elderly individuals,
such changes are also common in elderly people with cognitive decline, stroke or MCI.
Nevertheless, several studies have suggested that certain structural MRI bio markers possess
some degree of discriminative diagnostic power. Evidence exists that in AD, the corpus
callosum (particularly the anterior area) exhibits atrophy. This change helps to distinguish
AD from fronto temporal dementia, in which the posterior area of the corpus callosum
shows greater atrophy than the anterior area of this brain structure.195 Evidence is also
available that among patients with amnestic MCI, those who convert to AD show greater
atrophy in the hippocampus and the inferior and middle temporal gyri than those who do not
convert to AD.196

Functional MRI
Functional MRI (fMRI) can visualize neuronal activity either during rest or in association
with a task that activates specific brain regions. The most common method is blood oxygen
level-dependent (BOLD) fMRI, which measures alterations in blood flow on the basis of
changes in deoxyhemoglobin. As the deoxyhemoglobin concentration depends on neuronal
activity, BOLD reflects brain activity. This technique is widely used in research and in the
diagnosis of various brain disorders because of its high sensitivity and easy implementation.

BOLD signals depend on several anatomical, physiological and imaging parameters, and can
be interpreted qualitatively or semiquantitatively. As a result, inter-individual and
intraindividual variability limits the use of such signals in the differential diagnosis of
dementia-causing disorders. Nevertheless, fMRI can facilitate the characterization of
functional abnormalities in specific diseases. People with AD exhibit reduced brain activity
in parietal and hippocampal regions in comparison with healthy controls.197 In addition,
some studies have found different neuronal activity patterns in healthy controls and patients
with MCI.190 Recent advances in fMRI have allowed intrinsic functional networks in the
human brain to be defined. The study of cognitive–behavioral function in the early stages of
neurodegenerative disorders may allow the identification of the neuroanatomical networks
affected by these diseases, and may assist in the differential diagnosis of the various
disorders that underlie dementia.

PET and single-photon emission CT
PET and single-photon emission CT (SPECT) have been widely explored as diagnostic tools
for dementia, and both techniques have shown good diagnostic and prognostic capabilities.
PET studies have mostly used the tracer 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG), which
provides a measure of cerebral glucose metabolism and, hence, indirectly demonstrates
synaptic activity. In the early stages of AD, 18F-FDG-PET reveals a characteristic pattern of
symmetric hypometabolism in the posterior cingulate and parietotemporal regions that
spreads to the prefrontal cortices (Figure 3). These changes are distinct from the changes in
cerebral glucose metabolism that are seen in healthy controls and cases of other forms of
dementia, and the extent of hypometabolism inversely correlates with the degree of
cognitive impairment.198 18F-FDG-Pet has a high sensitivity (94%) but a low specificity
(73–78%) for the diagnosis of dementia.199 SPECT, which involves studying regional blood
flow with Tc-hexamethylpropyleneamine oxime, has a similar specificity to 18F-FDG-PET
for this condition.200
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A number of low-molecular-weight tracers have been developed for PET to assess Aβ
deposits in vivo. The most frequently used tracer is Pittsburgh compound B (PIB).
Compared with healthy controls, patients with AD show increased 11C-PIB retention in
cortical regions targeted by Aβ deposits (Figure 3).201 Deposition of this peptide seems to
reach a plateau by the early stages of AD.202 In MCI, PIB binding is bimodal, with ≈ 50%
of patients showing an increase in 11C-PIB binding, resembling the 11C-PIB retention that is
seen in AD, while the other ≈ 50% of patients exhibit low levels of 11C-PIB binding that are
similar to the levels seen in controls.203 In MRI studies, 11C-PIB binding correlated
positively with atrophy in the amygdala and hippocampus but not other cortical areas,
suggesting that various brain areas have different susceptibilities to Aβ deposit-mediated
toxicity, or that amyloid deposition is nonessential for neurodegeneration.203 New Pet
tracers for amyloid deposits, such as 18F-FDDNP, are being developed. In studies
comparing 11C-PIB and 18F-FDDNP, these tracers showed differences in regional binding
and in the cognitive domains with which they seem to be associated, suggesting that these
tracers measure related but different characteristics of AD.204

Conclusions
Substantial progress has been made over the past few decades in understanding AD.
Neverthless, many researchers would argue that our knowledge of this disease is still
profoundly imperfect, as demonstrated by the failure of all but symptomatic treatments for
clinically diagnosed AD. We know that in people aged >85 years, dementia and cognitive
impairment are common, reaching a combined prevalence >50% in the oldest old, and that
the incidence of dementia continues to rise in the oldest age groups. Thus, screening is
essential to identify cognitively normal individuals in midlife or old age who have a high
risk of developing MCI and AD, so that interventions, when available, can be administered
to stop the development of specific disease-related pathologies. In the oldest patients who
develop AD, for whom this disease is closely associated with end-of-life issues, palliative
therapies, rather than interventional treatments, are required to ensure the best possible
quality of life and not necessarily an extension of lifespan.

Key points

▪ The unprecedented level of aging occurring in developed nations will lead to
an enormous burden of Alzheimer disease (AD)

▪ The primary pathological hallmarks in AD brain tissue—diffuse and neuritic
extracellular amyloid plaques and intracellular neurofibrillary tangles—are
well known, but the underlying etiologies of these pathologies remain unclear

▪ The diagnosis of AD in living patients is based on clinical examination—no
definite diagnostic test is currently available—but may be supported by the
use of clinical biomarkers

▪ AD heritability varies from 58–79% depending on age at onset; however,
only a portion of the likely substantial genetic contribution to this disease has
been determined

▪ Several nongenetic factors (including recognized vascular risk factors) have
been associated with AD, but the underlying mechanisms linked to these
factors are uncertain

Box 1 | Historical perspective on the AD diagnosis

1906–1950
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During this period, individuals aged <65 years who developed dementia were diagnosed
as having AD or presenile dementia when no other known causes of dementia were
present. Individuals with dementia who had a strong history of vascular disease and
exhibited executive symptoms were labeled as having multi-infarct dementia,
independent of their age. Patients who developed dementia aged >65 years and for whom
no other cause of this condition was known were diagnosed as having senile dementia.
This form of dementia was understood to be vascular and prompted the use of
vasodilators.

1950–1980

In this period, late-onset AD was recognized to be pathologically indistinguishable from
the early-onset form of this disease. In addition, the vascular explanation for senile
dementia was largely abandoned. Consequently, the age criterion for the label AD was
lifted, the term senile dementia was abandoned, and the diagnosis of AD was assigned
when all other possible causes of cognitive impairment were excluded. In addition, a key
publication by Katman and colleagues noted the “malignancy” of AD.205

1980–present

The vascular component of late-onset AD has again been recognized. In 1984, the
National Institute of Neurological and Communicative Disorders and Stroke and
Alzheimer’s Disease and Related Disorders Association criteria were implemented. The
key to these criteria is the linkage of clinical syndromal patterns to neuropathology after
death through the use of possible, probable and definite labels for AD.2

Abbreviation: AD, Alzheimer disease.

Box 2 | The NINCDS–ADRDA criteria

The NINCDS–ADRDA criteria categorize AD as definite, probable or possible.2 A
diagnosis of definite AD requires supporting pathological evidence. Probable AD is the
maximum level of certainty possible without pathological confirmation. This category
requires a gradual onset and progressive decline in memory with involvement of at least
one other cognitive domain that is established by clinical examination and confirmed by
neuropsychological tests. The NINCDS–ADRDA criteria further require that the patient
is fully conscious and does not have another condition that might explain their symptoms.
Other supportive features of probable AD include evidence of progressive deterioration
of language, praxis and visual recognition, with impaired activities of daily living or a
positive family history of AD. Normal levels of routine cerebrospinal fluid measures,
evidence of progressive cerebral atrophy on brain imaging and a normal or nonspecific
pattern on EEG support probable AD diagnosis. Features that make the diagnosis of
probable AD unlikely include an apoplectic onset, the presence of focal neurological
findings (such as hemiparesis or sensory loss), and the presence of seizures or gait
disturbances. Patients meet criteria for possible AD when the course of cognitive decline
is atypical, focal neurological findings are evident, or disorders coexist that by
themselves can explain the dementia, such as stroke or traumatic brain injury. The DSM-
IV criteria for AD require a gradual onset and progressive impairment in memory
function and at least one other cognitive domain that results in impairment of social and
occupational function. Such cognitive impairment would not be explained by other
psychiatric, neurological or systemic diseases. The NINCDS–ADRDA and DSM criteria
are currently being revised.

Abbreviations: AD, Alzheimer disease; DSM, Diagnostic and Statistical Manual of
Mental Disorders; NINCDS–ADRDA, National Institute of Neurological and
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Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders
Association.

Box 3 | Issues relating to the diagnosis of AD

Two notable issues surround the use of neuropathological studies to inform the diagnosis
of AD. First, neuropathological studies are usually end-stage disease investigations and
extrapolation of the findings of such studies to living patients in earlier stages of disease
can be difficult. Second, neuropathological findings can differ between patients with
similar clinical profiles before death. Thus, clinical diagnoses are not always in
agreement with clincopathological diagnoses, which indicates that the relationship
between clinical profiles and age is not stable. Estimates of AD prevalence and incidence
will continue to vary until the key underlying pathologies of the disease have been
identified, the relationship of specific pathology to clinical phenotype is understood, and
the clinical diagnosis of AD is improved.

Abbreviation: AD, Alzheimer disease.

Box 4 | Endophenotypes and genetic epidemiology

Endophenotypes (measurable intermediate phenotypes that are closer to the action of the
gene than affection status) provide clues to the genetic underpinnings of a disease, and
diagnoses can be deconstructed to increase the success of genetic analyses. Age at
disease onset is a well-established endophenotype for Alzheimer disease (AD), and is a
key indicator of genetic heterogeneity. Recognition of various age-at-onset profiles
among families was critical in the initial identification of genetically distinct forms of
AD. Age information, such as age-at-onset data for individuals affected by AD and
censored age data for unaffected individuals, is also an important covariate used to
modify the penetrance function, allowing determination of age-dependent penetrance of
the disease as a function of disease genotype, while also increasing the power of genetic
linkage studies and the accuracy with which disease genes can be localized. In addition to
the use of age at onset as a covariate and as a stratifier in genome scans, this
endophenotype has a genetic basis, with several contributing loci having been identified.
Nevertheless, despite overwhelming evidence that age is an important variable to be
considered in genetic risk factor research for AD, most genome scans for this disease
have not incorporated age information. Other quantitative phenotypes that have been
proven useful are pathological phenotypes, such as neuritic plaque and neurofibrillary
tangle densities, structural brain changes on brain imaging such as white matter lesions,
and cognitive function.

Box 5 | Epigenetic mechanisms

Several epigenetic studies are underway using normal brain tissue to identify functional
cis-acting regulatory polymorphisms that may be associated with brain disorders such as
Alzheimer disease. Allele-specific DNA methylation—an epigenetic marker—is often
strongly dependent on nearby single-nucleotide polymorphisms (SNPs) and haplotypes.
This observation suggests that mapping allele-specific DNA methylation across the
whole genome in human brain DNA could be useful for finding regulatory SNPs that act
in this target tissue and are involved in specific brain disorders.
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Review criteria

Alzheimer disease genetic studies were identified from searches of the AlzGene database,
which was updated in May 2010. PubMed was searched for articles published in English
between January 1990 and October 2010. Combinations of the following key words were
used in the aforementioned searches: “dementia”, “Alzheimer’s disease”, “mild cognitive
impairment”, “MCI”, “biomarker”, “risk”, “antecedent”, “gene”, “genetics”,
“epigenetics”, “endophenotype”, “incidence”, “prevalence”, “criteria”, “diagnosis,
“definition”, “history”, “pathology” and “autopsy”. The retrieved abstracts were read to
identify studies addressing the topics included in this Review. We also performed a
manual search of references cited in the published articles.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Potential mechanisms linking vascular risk factors and cognitive impairment. At least two
pathways exist that result in cognitive impairment and dementia: development of
cerebrovascular disease may lead to vascular cognitive impairment syndromes, and
deposition of amyloid-β may lead to other distinct amnestic clinical syndromes, including
Alzheimer disease. In addition, these pathways may overlap and interact, resulting in mixed
cognitive syndromes.
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Figure 2.
T1-weighted MRI scan of a patient with a clinical diagnosis of late-onset AD. As is typical
for late-onset AD, the MRI scan shows generalized brain atrophy and loss of gray matter
affecting the hippocampus (red arrow), entorhinal cortex (green arrow) and perirhinal cortex
(blue arrow). Abbreviation: AD, Alzheimer disease.
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Figure 3.
Changes revealed by PET in the AD brain. a | 18F-FDG-PET patterns characteristic of
metabolic activity in cognitively normal individuals and patients with late-onset AD. In
comparison with people aging normally, individuals with late-onset AD show decreased
bilateral glucose metabolism, particularly in the temporal and parietal regions. b | 11C-PIB
PET images characteristic of elderly individuals without cognitive impairment and patients
with late-onset AD. The high concentrations of 11C-PIB in the AD brain are suggestive of
high amounts of amyloid deposits. Abbreviations: AD, Alzheimer disease; FDG, 2-fluoro-2-
deoxy-D-glucose; PIB, Pittsburgh compound B.
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Table 1

Prevalence and incidence of dementia in developed and developing regions

Region Consensus
dementia
prevalence at age
≥60 years (%)

Estimated annual
incidence of
dementia (per
1,000 individuals)

People with
dementia aged
≥60 years in
2001 (millions)

Estimated increase in
proportion of people
with dementia from
2001 to 2040 (%)

Western Europe 5.4 8.8 4.9 102

Eastern Europe (regions with low adult mortality) 3.8 7.7 1.0 169

Eastern Europe (regions with high adult mortality) 3.9 8.1 1.8 84

North America 6.4 10.5 3.4 172

Latin America 4.6 9.2 1.8 393

North Africa and Middle Eastern Crescent 3.6 7.6 1.0 385

Developed western Pacific 4.3 7.0 1.5 189

China and developing western Pacific 4.0 8.0 6.0 336

Indonesia, Thailand and Sri Lanka 2.7 5.9 0.6 325

India and south Asia 1.9 4.3 1.8 314

Africa 1.6 3.5 0.5 235

Combined values 3.9 7.5 24.3 234

Data taken from Ferri et al. (2005).3
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Table 2

Common types of epidemiological study design

Study type Methodological approach Advantages Disadvantages

Nonexperimental studies

Case–control study Sampling conducted with respect to
disease status
Estimates the odds of having been
exposed to a risk factor given the current
case–control status

Low costs in relation to
efficiency

Disease and exposure status determined
simultaneously, making the temporal
sequence of events often difficult to
establish

Cross-sectional study Includes all individuals of a population
regardless of exposure or disease status

Low costs in relation to
efficiency

Disease and exposure status determined
simultaneously, making the temporal
sequence of events often difficult to
establish
Overrepresentation of cases with long
duration and under-representation of
cases with short duration of illness,
leading to bias

Cohort study Sampling conducted with respect to
exposure status

Exposure status is
ascertained before the
occurrence of disease,
allowing incidence rates
of disease to be calculated
in people with and
without risk factors

Requires the follow-up of a large number
of individuals until disease development
and, hence, is costly
Difficult to control confounding
variables and maintain high follow-up
rates
Adverse outcomes may occur before the
onset of the disease of interest, leading to
survival bias

Experimental (randomized) studies

Clinical trial Individuals are randomly assigned to
intervention and comparison groups
Aims to evaluate a cure or a preventive
treatment (usually drugs)

Minimizes bias and
allows valid statistical
testing, as factors that
could potentially
confound the examined
association should occur
with roughly equal
frequencies in the
intervention and
comparison groups

Participants studied may not be
representative of the general population
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