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Abstract

Therisk of developing Alzheimer’s disease (AD) is tied most closely to age and appears to follow Gompertzian
kinetics. However, specific genetic factors are also linked closely to AD, and the apolipoprotein E (APOE) geno-
type accounts for as much of 50% of the attributable risk for AD in many populations. This paper reviews the
onset, diagnosis, and epidemiology of AD, specifically with regard to the APOE genotype and the interaction of

the genotype with age.
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Introduction

In the investigation of a disorder such as
Alzheimer’s disease (AD), the first step is to define
the disease presentation and course clinically. The
second step is to investigate the epidemiology. The
third step is to understand the pathophysiology.
These steps lead to the fourth step, which is to deter-
mine causation. These efforts culminate in the fifth
step—the development of approaches to treatment
and prevention. (For a more complete discussion on
genetics of AD, see Ashford and Mortimer, 2002.)

Definition of AD

Alzheimer’s disease (AD) has been defined clini-
callyasadisease that causesa dementia withaninsid-
ious onset and slowly progressing course. The
progression through the early, middle, and late stages
of the disease is well defined (Ashford et al., 1998a).
Based on its clinical pattern, AD can best be concep-
tualized as a disease that fundamentally affects

memory storage processing. Analysis of its attack on
the mind and brain suggests that it is most basically
adisease of neuroplasticity (Ashford and Jarvik, 1985;
Ashford et al., 1998b; Mesulam, 1999; Arendt, 2001).
It was recognized early on that AD has a signif-
icant relationship with family history. In some
cases, with a very young age of onset, there is a
clear autosomal-dominant transmission. However,
the complexities of disease onsetin older age ranges
and what we now know to be a multitude of
complex genetic interactions have made the cases
associated with an older age of onset difficult to
relate to specific inheritance patterns.
Recognition of AD onset also has been particu-
larly difficult. That difficulty has been clearly demon-
strated by the recent efforts to describe mild cognitive
impairment (Petersen et al., 1999). To study the epi-
demiology of AD, it is critical to define the onset of
the disease. The definition of the time of onset is cru-
cial for measuring both incidence and prevalence.
The most common approach to estimating AD
onset is to ask individuals who have known the
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patient when they first became aware of any of the
symptoms that subsequently developed into the
dementia. Most commonly, the first recollection per-
tains to a memory failure 1 to 2 yr before a clinician
was consulted about the problem. However, other
symptoms such as anger, depression, anxiety, or
inattention might be the symptoms first recalled.
In Alzheimer’s original case, the first symptom was
paranoid ideation, anaccusation of spousalinfidelity.
The patient with poor memory frequently has no
awareness of the problem and cannot be relied on
toestimate onset. Even therecollections of the family
are not necessarily reliable. Therefore, it is helpful
to obtain information from any other available
source, especially the notes of a treating clinician,
whichmayrevealaconcernabout memory thatante-
dates the family’s recollections of their own con-
cerns. Because of the unreliability of this historical
inquiry, further estimation of onset might be made
with the use of objective tests such as the Mini-Mental
State Exam (MMSE) (Folstein et al., 1975) or func-
tional brain scans (Ashford et al., 2000). From these
objective measures, using an estimate of average
disease course, approximations of disease onset
might be calculated back in time (Ashford et al.,
1995; Shih et al., 2001).

Epidemiology of AD

Many estimates have been made about the inci-
dence and prevalence of AD. These estimates have
varied widely, specifically relating to the difficulty
in defining AD onset. Some studies have only con-
sidered the presence of moderate to severe demen-
tia as relevant for indicating AD, whereas others
have included mild dementia. The most widely
accepted studies have estimated that dementia, mild
or greater, affects about 15% of the population over
60 yr of age. Alzheimer’s disease (AD) is considered
toaccount for two-thirds of the diagnoses of demen-
tia, thus 10% of the over-60 population. These esti-
mates are the basis for the statement that AD affects
about 4 million people in the United States.

Incidence studies have shown clearly that the
occurrence of AD increases with age, at a rate very
close to doubling of the incidence every 5 yr.
Although it has been stated frequently that AD is
not part of normal aging, AD is actually related
more closely to age than mortality, which doubles
in incidence about every 8 yr (see Fig. 1). Because
the occurrence of AD has such a close relationship
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to age, it is important to understand the dynamics
of AD epidemiology relative to models of the
aging process.

The fundamental model of aging is the Gompertz
survival function (Sacher, 1977; Strehler, 1977; Hirsch,
1995). The Gompertz curve depends on knowledge
of an initial rate of mortality and the doubling time
of therate. This curve applies across the animal king-
dom and accounts for more than 99.7% of the vari-
anceinmortality after 30 yr of age in the United States
for the year 2000 (divide the mortality by age, sepa-
rated for gender from www.cdc.gov by the popula-
tion by age from www.census.gov). The slope of the
Gompertzsurvival curveisbest explained by a theory
that the organism is composed of a number of sub-
systems that have evolved in a coordinated fashion
to manage environmental stresses with optimal
energy efficiency (Strehler, 1977).

The incidence rates of AD start much lower than
mortality rates but reach 1/1000 by age 62,1/100 by
age 79, and 1/10 by age 94 and approach the mor-
tality rate around age 105. Note that arguments
aboutahealthy survivor effect (Perlsetal., 1993) and
an occasionally observed decrease in dementia inci-
dence after 90 yr of age actually apply to a very small
partof the population and might evenrepresent arti-
facts (Hirsch, 1994) or noise related to the limits of
the genetic and environmental factors that control
the life span. Another issue concerns the difference
in AD risk related to gender. Although many stud-
ieshavesuggested that females are more susceptible
to AD, if there were no gender-related differences in
risk, AD would affect about twice as many women
just because of the population variations related to
age. These calculations specifically indicate that
from birth, one-third of all men and two-thirds of
all women will contract AD before they die. Thus, a
critical issue in AD that has not been addressed is
the definition of the Gompertz parameters under-
lying AD. Gompertzian dynamics presumably have
a close relationship to evolution and genetic mech-
anisms underlying survival and, in the case of AD,
to memory and neuroplasticity, which are critical for
human survival.

Pathophysiology of AD

The pathophysiology of AD has been studied
extensivelyinthelast three decades, since the water-
shed studies of Blessed et al. (1968) began to clarify
the relationship of AD dementia to senile plaques
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U.S. mortality rate by age
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Fig. 1. US mortality rate. Note that a log-linear regression explains over 99.7% of the variance between age 30 and
age 100. Mortality rate doubling times (2t) are shown by gender. Dementia incidence is calculated for a population of
4 million affected individuals, with a life expectancy of 10 yr from onset, with a doubling time for the incidence of 5 yr.

(SPs) and neurofibrillary tangles (NFTs). However,
these two fundamental pathological hallmarks of
AD are not clearly linked. The principle component
of SPs is beta-amyloid (AB) aggregates, which seem
to be closely related to disease causation. Neurofib-
rillary tangles (NFTs) are mainly composed of hyper-
phosphorylated tau protein and are closely related
to dementia severity. At this point, the best theory to
link these AD pathological substrates is to consider
that precursors of both substances, the amyloid pre-
cursor protein (APP) and the microtubule-associated
protein tau, both have important roles in neuroplas-
ticity and memory function. The APP is susceptible
to a variety of causative factors, and once the brain
has produced a certain excess of A SPs, stress on the
tau system leads to progressively more NFTs and
more severe dementia. Thus, the pathophysiology
suggests that primary AD causation is linked to the
processing of the APP.

AD Causation

As AD has become a more clearly defined clinical
entity and the pathophysiology has been elucidated,
thesearch has proceeded to causativeagents. Although
numerous environmental factors have been studied,
it appears that AD is predominantly attributable to
specific genetic factors. Family studies indicate that
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first-degree relatives of persons with AD at autopsy
have a substantially increased risk of AD relative to
controls, and twin studies indicate that the heritabil-
ity of AD exceeds 70%. A central issue for under-
standing genetic factors is to explain how the gene
operates to cause the disease. Genetic factors in psy-
chiatric disorders appear to affect specific neuro-
physiological functions, and impaired capacity leads
to susceptibility to the disease, that is, there are not
specific genes that cause specific mental illnesses.

Gene Effects in AD Causation

There is a variety of ways that genes might cause
AD.For example, education, often viewed as an envi-
ronmental factor protecting against AD, might be a
function of earlier genetic influences. More efficient
neural storage of information, either biological or
learned, could relate to later resistance to AD. Two
recent studies (Codemo et al., 2000; Winnock et al.,
2002) have shown that individuals who carry one or
more apolipoprotein E (APOE) €4 alleles for AD are
more likely to stop their education earlier in life. In
both of these studies, the effect was evident at a
young age, after only a few years of schooling. Also,
a genetic factor could influence dietary preferences,
thus working through the relationship between the
individual and the environment.
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There is a variety of specific genetic factors that
lead to AD atarelatively young age, under 60 yr old.
These genetic factors have been shown to affect the
APP. One group of genes affects the sequencing and,
hence, the stability, of the APP, whereas another
group of genes affects the y-secretase cleavage of the
APP (the presenilin genes). Aberrant genetic factors
are also relatively rare; the total number of patients
affected is estimated to be less than 5% of all cases.
There are many other genes thathavebeen suggested
or shown to influence the development of AD at rel-
atively later ages of onset. The genes associated with
AD onset at a later age are not related as clearly to
the APP, though they might work on the milieu in
which the APP is processed, for example, the lipid
rafts, which may be controlled by the apolipoprotein
E (APOE) gene. The gene coding for APOE is by far
the clearest of the genetic factors that has been asso-
ciated with relatively later-onset AD (Roses, 1996,
1997), and variations in this gene appear to account
for as much as 50% of the population-attributable
risk in the United States.

Hypertension and hypercholesterolemia are also
common conditions that are associated with AD
development, and both are strongly determined by
genetic factors. The APOE gene is understood most
clearly for its role in cholesterol management and
thus can itself be associated with the risk for hyper-
tension as well. Because of the many causes of death
that affect individuals before the age that dementia
usually manifests itself, all such studies are likely to
substantially underestimate the genetic factorsin AD.

The APOE Genotype Might Account
for at Least 50% of AD

The clearest genetic factor that has been associ-
ated with nonfamilial, or sporadic, AD is the gene
that codes for APOE (Roses, 1996). In the United
States the APOE €4 allele, with a prevalence rate of
about 13%, ranging from 10% in East Boston (Evans
et al., 1997) to nearly 19% in Cache County, Utah
(Breitneretal., 1999; see Seshadri et al. [1995], Wilson
et al. [1996], Corbo and Scacchi [1999], Liu et al.
[1999], and Lehmann et al. [2001] for several world-
wide reports), occurs in 22% of the whole popula-
tion (2% with the €4/4 genotype and 20% with the
€3/4 genotype) (Table 1). Yet this allele occurs in 60%
of AD patients (about 15% with €4/4 and 40% with
€3/4 and less than 5% with €2 /4). Those individuals
with the €3/3 genotype constitute 60% of the pop-
ulation but only 35% of the cases (Table 2; Saunders
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et al., 1993; Jarvik et al., 1995; Roses, 1995; Myers et
al., 1996; Farreretal., 1997). On thebasis of these broad
population studies, if the APOE €4 allele did not exist
in the US population, it can be calculated that there
would only be half the total number of AD cases.
Therefore, the €4 allele by itself is likely responsible
for 50% of the nonfamilial AD cases in this country.
Some more focused US studies have found somewhat
differentresults. For example, in Cache County, Utah,
a location with an increased frequency of the APOE
€4 allele relative to other US locations, this allele
appears to account for 70% of the population-
attributable risk for AD (Breitner et al., 1999).

The APOE genotype has a substantial effect on
age-related prevalence of AD, with APOE €4 /4 indi-
viduals having an estimated 50% chance of AD onset
at 68.4 yr of age, APOE €3 /4 individuals at 75.5, and
APOE €3/3 individuals at 84.3 (Corder et al., 1993).
The APOE €4 allele confers its maximal effect on risk
before age 70 (Blacker et al., 1997), partly explaining
why some studies looking at older populations have
not found the full effect of this allele. In the Cache
County population, there is a clear relation between
the APOE genotype and age of risk for developing
AD (Breitner et al., 1999).

Relationship to age also appears to be an important
factor clinically. In the Lexington (Kentucky) Veterans
Affairs Medical Center Memory Disorders Clinic,
where 50 probable AD male patients were assessed
for age of dementia onset (averaged from estimations
derived from chart review, back calculations from
MMSE scores, and analysis of SPECT scans), the APOE
€4 allele was associated with a significantly younger
age of onset (Table 2) (Ashford et al., 2002).

The 2% of the population with the €4 /4 genotype
carries 15 times the risk of the 60% of the population
that has the €3/3 genotype and over 20 times the
risk of the €2/3 genotype (see Table 1). By the age of
80yr, 91.3% of patients with the €4 /4 genotype have
AD, 47.8% of €3/4 individuals, and only 20.0% of
those without an €4 allele (Corder et al., 1993). The
€4 allele has been referred to as a susceptibility gene,
but no €4/4 carrier has been shown to reach age 90
without having AD. Alternatively, the €2 carriers are
overly represented among centenarians (Frisoni et
al., 2001), and there has still been an inadequate
number of €2 /2 carriers examined atlate age to define
the relationship between this genotype and the clas-
sical AD changes at autopsy (Ohm et al., 1999). With
consideration of the variation of risk from e4/4 to
€2/2, more than 75% of the risk of AD might be
accounted for by the APOE genotype.
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Table 1
Frequencies of APOE Genotypes in Control and AD Patients, From Two
Multicenter Studies, Predominantly Including the US Population
i Sample population . US population > 60
Genetic Relative Percent If all US
type Control (%)  AD (%) risk General AD with AD this type
Roses (1995) (from Saunders et al., 1993)

€22 1.1 0.0 0.00 503,266 0 0.0 0
€23 11.0 3.4 0.31 5,032,659 136,364 2.7 1,240,909
€24 7.7 4.0 0.52 3,522,862 159,091 4.5 2,068,182
€33 57.1 33.0 0.58 26,169,829 1,318,182 5.0 2,306,818
€34 20.9 43.2 2.07 9,562,053 1,727,273 18.1 8,272,727
€44 2.2 16.5 7.50 1,006,532 659,091 65.5 29,988,636
Total no. 91 176 45,797,200 4,000,000 8.7

no 4 69.2 36.4 0.53 31,705,754 1,454,545 4.6 2,101,010
an €4 30.8 63.6 2.07 14,091,446 2,545,455 18.1 8,272,727

Farrer et al. (1997) (Caucasian, clinic/autopsy studies)

€22 0.8 0.2 0.25 366,378 8,000 2.2 1,000,000
€23 12.7 4.8 0.38 5,816,244 192,000 3.3 1,511,811
€24 2.6 2.6 1.00 1,190,727 104,000 8.7 4,000,000
€33 60.9 36.4 0.60 27,890,495 1,456,000 5.2 2,390,805
€34 21.3 41.4 1.94 9,754,804 1,656,000 17.0 7,774,648
€44 1.8 14.8 8.22 824,350 592,000 71.8 32,888,889
Total no. 6262 5107 45,842,997 4,008,000 8.7

no &4 74.4 41.4 0.56 34,073,117 1,656,000 4.9 2,225,806
an €4 25.7 58.8 2.29 11,769,880 2,352,000 20.0 9,151,751

These risks are applied to figures from the US 2000 Census (45,797,200 individuals > 60 yr of age) and the estimate that
there are 4 million AD cases in the United States. These numbers are used to calculate the percentages of the population
with prevalent AD with each APOE genotype and with and without an €4 allele. Also shown are estimates of the number
of expected AD cases if all individuals in the United States had this specific genotype. Note that both studies indicate that
there would be about half the number of cases in the United States if the APOE ¢4 allele did not exist, leading to the conclu-
sion that about half of all cases in this country are attributable specifically to the presence of this allele. Thus, the population-
attributable risk for APOE €4 is about 50% (actually, 0-50%, depending on the stability of the observations). This estimate
varies considerably in different countries and for non-Caucasian populations.

A few studies focusing on population incidence of
ADhave found substantially lower numbers for pop-
ulation-attributablerisk associated with the APOE €4
allele, with numbers estimated to be between 7% and
20% of the causative contribution (Evans et al., 1997;
Slooter et al., 1998; Warwick Daw et al., 2000; Guo et
al.,2001). Several possible factors might explain these
low estimates. Incidence studies tend to uncover a
relatively small number of cases. Prior elimination of
prevalent cases, where there is a large uncertainty in
diagnosing the transitional patients, leaves a highly
selected population. The uncertainty in early diag-
nosis will contribute a large random effect to the vari-
ation of dementia detection, thus substantially
dampening any effect under examination. The pop-
ulation-based studies have selected older popula-
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tions (over age 65 [Evans et al., 1997], over age 75
[Guo et al., 2001], and mean age of AD onset 82.2 yr
[Slooter et al., 1998]), after the age of maximum effect
of the APOE €4 allele. These studies have found lower
levels of the APOE e4 allele, suggesting that they have
examined the resistant survivors. The study that
focused on 75 families with AD (Warwick Daw et al.,
2000) was likely enriched with rare genetic factors
that show higher penetrance than the APOE e4 allele.
Consequently, theseincidence studies donotdisprove
the estimations that the APOE €4 allele accounts for
approx 50% of the population risk of AD. However,
as anindividual ages, there will be progressively less
effect of specific AD-causing genes and more effects
of the environment and nonspecific genes that cause
other infirmities or that are protective.
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Table 2
Age of Onset and APOE Genotype of 50 Probable AD Patients Seen
at the Lexington Veterans Affairs Medical Center Over a 2-yr Period

APOE genotype No. Mean age of onset (yr) S.D. (yr)
€3/3 20 73.6 4.7
€3/4 20 69.5 6.7
e4/4 10 68.3 5.6

Age of onset for €3/3 vs €4/4, p < 0.02; for €3/3 vs €3/4, p < 0.05).

The present unclarity in the understanding of the
impact of the APOE genotype points out the impor-
tance of age- and gender-specific modeling, which
depends on Gompertz formulation. Such analysis
requires a large population sample, and the data
obtained would include birth date, onset date (to
calculate age of onset and check for cohort effects),
gender, and APOE genotype. The analysis of the
Cache County data (Breitner et al., 1999) has not
resolved this issue because it uses means and stan-
dard deviations, which cannot be transformed into
age-specific incidence estimates (see also Breitner et
al., 2000, erratum; Miech et al., 2002).

An environmental factor that has been associated
with AD is dietary cholesterol. A small number of
studies have shown highly significant correlations
across many countries between dietary fat and cho-
lesterol and the prevalence of AD. However, this
finding might be the result of other factors associ-
ated with diet. In particular, long-term evolution of
genetic factors to support survival in particular
dietary and energetic environments might be cen-
tral to the risk of AD, with imbalances in the APOE
genotype specifically predisposing to AD and arte-
riosclerotic disease (Corbo and Scacchi, 1999). Con-
trolled comparisons are needed to elucidate the
precise role of diet in AD causation. An interesting
conundrum is that dietary habits established early
in life could mimic genetic influences, and genetic
factors could influence dietary preferences. Recent
evidence of a link between cholesterol-lowering
drugs and AD prevention (Wolozin et al., 2000; Jick
et al., 2000) provides attractive evidence to direct
interest to this theory. Of recent great interest is the
possible relationship between cholesterol and neu-
roplasticity (Koudinov and Koudinova, 2001), pos-
sibly mediated by an APOE-cholesterol complex
(Mauch et al., 2001). This interaction could explain
how both of these factors might interact to influence
the development of AD.
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To understand the fundamental role of genetic
factors in the environmental context, it is frequently
enlightening to take an evolutionary perspective.
The evolutionary history of the APOE genotype is
now being resolved. The APOE €4 allele is the ances-
tral gene, which existed alone until 300,000 yr ago,
atwhich timethe APOE e3 alleleappeared. The APOE
€2 allele mutated from the €3 allele about 200,000 yr
ago (Fullerton et al., 2000). Although the specific
environmental pressures thatled to the development
of the APOE €3 and €2 alleles are not known, current
worldwide variation of the frequency of these genes
suggests thatthey arebeneficial inagrariansocieties,
particularly those with greater longevity (Corboand
Scacchi, 1999).Itis possible that they provided supe-
rior cognitive and cardiovascular function to those
individuals who lived beyond 60 yr of age and in
this wayled to the emergence of more complex tribes
of early humans. Presumably the human diet
changed during this time toinclude more meat, either
because agrarian living conditions made this source
of nutrition more abundant or the enlargement of
the human brain led to a greater demand for higher
caloric food. There is evidence that growth of tooth
enamel changed at that time, distinguishing modern
humans from earlier hominids (Dean et al., 2001). In
the protection of a more organized social environ-
ment, elderly individuals could survive, and those
elders with retained cognition could provide wisdom
to foster the success of the tribe, thereby improving
the survival of all members of the tribe. Such wise
elders would foster the survival of their own off-
spring, either as a patriarch that could control his
tribe more ably and continue procreating or as a
matriarch that could foster the healthier develop-
ment of her progeny.

In the social context, the specific relation of the
APOE genotypeto cholesterol metabolism mighthave
a complex environmental component still evident in
modern times. By observation of the frequencies of
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the APOE alleles across various populations, there is
clearly a geographic variation (Corbo and Scacchi,
1999). The APOE €4 allele is most common in African
pygmies (41%),least common in Sardinians (5%), and
intermediate in most Western populations (9-19%).
The APOE €4 allele hasarate of 8% in India and China,
which might account for the lower rate of AD found
in India and China compared with Western popula-
tions, as this allele seems to have the same associa-
tion with AD in these countries as it does in Western
countries (Liu et al., 1999; Ganguli et al., 2000). The
relationship between the APOE €4 allele and AD in
Africa has been less clear (Hendrie et al., 2001). This
geographical distribution could reflect the disad-
vantage of the APOE €4 allele in those peoples whose
background reflected migration around the world or
might indicate that the life-style of Africa is subject
to different pressures, possibly including a relatively
shortlifespan or different diet composition. Therecent
theory derived from mitochondrial DNA, that there
are three African lines extending back 180,000 yr
(Oppenheimer, 2003; Stringer, 2002), whereas non-
African lines appear to have branched off about
80,000 yr ago, suggests that there might be numer-
ous other genetic factors involved in AD causation
associated with the APOE genotype in those indi-
viduals who carry the African gene lines. The APOE
€3 allele is most common in the Mayans of Central
America (91%) and least common in the pygmies
(53%). The APOE €2 allele did not exist in aboriginal
Americans (see Corbo and Scacchi [1999] and Fuller-
ton et al. [2000] for reviews).

Until we know how to modify or prevent the
impact of genetic factors associated with AD, we
must watch our diets and put safety firstin our lives
to prevent traumatic brain injury. At this time, geno-
typing for diagnosis or risk estimationis notaccepted
standard medical practice, in spite of the important
information that it provides. However, many
patients and family members are regularly told their
APOE genotype. This information should be given
freely, along with genetic counseling, to those
requesting it. Patients and their physicians should
use this genetic information to develop strategies to
reduce the risk of developing AD, make appropri-
ate plans for the emergence of this disastrous con-
dition, and clarify the diagnosis when the signs first
arise. There have been many concerns about the
adverse consequences of knowing genotype infor-
mation. However, dissemination of such knowledge
is likely to push research and prevention strategies
forward more rapidly.
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An important issue in advancing AD research is
toimprove dementia screening. Appropriate screen-
ing techniques would lead to a great increase in the
number of AD patients being identified and treated.
Screening techniques could advance the recognition
of dementia onset substantially. There are several
groups currently working to develop better demen-
tia screening tools that can be broadly recommended.
A suitable tool could be used as a “sixth vital sign”
for routine assessment of individuals over 60 yr of
age (Mendiondo et al., 2003). A sampling of screen-
ing tools under development can be found at
www.medafile.com, including a computerized
screening test that is under development. Age-
related risk must be considered as a primary factor
in determining the positive predictive value of a
screening test. By examination of the survival char-
acteristics associated with specific genotypes, we
caninvestigatehow a particular genotype influences
age of onset of AD. In turn, we might soon be able
to use knowledge of the APOE genotype to improve
the accuracy of screening tests.
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