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General introduction

Atherosclerosis and dementia are major problems in elderly people. Atherosclerosis,
the principal cause of myocardial infarction, stroke and peripheral artedal disease, is
the most important cause of mortality in western countties,! Dementia is the major
threat to the wellbeing of older people. It is an extremely devastating condition, as a
state of complete dependency often follows an extended period of loss of personality
and cognition? Since the frequency of both atherosclerosis and dementia increases
with advancing age, the two conditions ate enormous problems in our ageing socie-
ties, 3

High levels of total and low density lipoprotein (LDL) cholesterol and low levels
of high density lipoprotein (HDL) cholesterol predispose to the development of
atherosclerosis.® The apolipoprotein E polymorphism (APOE) is an important de-
terminant of the level of these lipids in serum. The APOE gene has three common
alleles, APOE*2, APOE*3 and APOE*4, which determine the protein isoforms
apoE2, apoE3 and apoE4, respectivelyé Compared to homozygotes for APOE*3,
the most common genotype, APOE*2 is associated with lower levels of total and
LDL cholesterol and with higher levels of HDL cholesterol, while APOE*4 has op-
posite effects.® However, studies on the association between APOE and atheroscle-
rosis have been inconsistent.™® Moreover, it is yet unclear to what extent APOE is
related to mortality and cardiovascular diseases in the general population.

Besides its role in lipid metabolism, the APOE*4 allele is more prevalent in pa-
tients with Alzheitmer’s disease than in cognitively normal controls. Although this
association is well established, reported trisks vary tremendously across studies.®!!
The large majority of these investigations are cross-sectional studies based on clinical
patient-series. Selection bias may have played a role in these studies, as well as possi-
ble APOE related selective survival. It is yet unclear whether the APOE#2 allele may
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exert a protective effect, and whether serum apoll level contributes to the acticlogy
of Alzheiimer’s disease. In addition, it remains to be determined whether the APOE
genotype is also involved in other dementing diseases, and, related to the latter topic,
whether APOE testing could be used in the differential diagnosis of dementia. Fur-
thermote, the combined effects of the APOE*4 allele and atherosclerosis deserve
further attention, as these are both common risk factors for dementia.12

The aim of this thesis was to further investigate the role of apolipoprotein E in

atherosclerosis and dementia. These studies reflect an epidemiological approach to
genetic susceptibility.
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Review on
genetic epidemiology of Alzheimer’s disease

Introduction

Dementia is a major health problem in the eldetly. Following an extended period of
loss of personality and cognition, the disease often results in a state of complete
dependency. By far the most common cause of dementia is Alzheimer's disease
(AD), which is clinically characterized by a gradual, progressive decline in intellectual
functions.! Besides, psychosis, depression, agitation and anxiety are common
manifestations.? The most frequently used diagnostic criteria for AD are described by
the National Institute of Neutological and Communicative Disorders and Stroke and
the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA).?
The diagnosis of AD is considered to be probable when alternative causes of
dementia ate excluded>* According to the NINCDS-ADRDA criteria, a definite
diagtiosis is made when a probable diagnosis of AD is confirmed at autopsy.> The
neuropathologic characteristics of AD are senile plaques, neurofibrillary tangles,
amyloid angiopathy and neuronal loss, resulting in a decreased activity of the enzyme
choline acetylttansferase.’ Senile plaques ate extracellular deposits of predominantly
B-amyloid. Neurtofibrillary tangles are intraneuronal inclusions, which are in part
composed of abnormally phosphorylated tau proteins.

The prevalence of AD increases with advancing age. It affects less than 1 percent
of 60-64 year olds, and up to 40 percent of those over age 85.¢ Also the incidence
increases with aging, and is estimated to be 1 per 1000 person yeats in 60-64 year
olds, and 25 per 1000 person years in individuals older than 85 years” In AD
research, patients with early onset are often distinguished from those with late onset.
There is however no vniform definition, and frequently nsed cut-off points are the
age of 60, 65 and 70 years. Besides age, previous head injuty or depression as well as
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low educational level, atherosclerosis and exposure to aluminium were found to be
risk factors for AID.7? The use of anti-inflammatory drugs or estrogens seems to
decrease the risk of AD.20 Smokers were also found to have a decreased risk in
cross-sectional studies,!! but at an increased risk i a follow-up study.12

Besides, genetic factors play a role in the etiology of AD. Familial clustering has
long been recognized,’® and a positive family history of dementia is one of the
most consistent risk factors.1 A distinction is often made between patients with
familial and sporadic AID. Again, there is no uniform definition of these forms of
discase. The frequently used criterion of a positive family history of dementia,
however, does not necessarily indicate genetic susceptibility. Many people, and not
just those individuals who are genetically predisposed, develop AD in old age. On
the other hand, there is significant likelihood that genetcally susceptible relatives
decease before the onset of AD. Given these limitations, it may not be surprising
that clinical manifestations of the two AD types appeated to be similar.1516
However, patients with familial AD may have a mote rapid disease progression,!’
and an earlier onset than cases with sporadic AD.16

The first step towards the localization of the genes implicated in AD (or their
alternative forms, alleles) was achieved through linkage analysis, which requires no a
ptioti knowledge of the pathogenesis. With this technique, one can study in large
families the extend to which a localized matker allele is inherited together with a
putative disease allele. Several mutations have now been identified that are by
themselves sufficient to cause AD (i.e. autosomal dominant mutations). In addition,
a number of genes have been studied because they code for proteins which are part
of the AD pathology. Through this candidate gene approach, common variations in
genes (Le. polymorphisms) were identifted which increase the risk of AD, but are by
themselves not sufficient to cause the discase. These genes are referred to as
susceptibility genes.

Inn this review, the genes involved in AD will be discussed in light of their relative
confribution to the development of disease and their putative role in the
pathogenesis. First, we will consider the autosomal dominant mutations and the
susceptibility genes, Next we will review the interaction between different genes and
environmental risk factors for AD. Finally, we will discuss the clinical and public

health implications.

Autosomal dominant mutations

Amyloid precursor protein

The localization of the first gene involved in AD was hinted to by the observation
that AD is very common in middle-aged patients with trisomy 21 (Down's
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syndrome).’81? As most Down's syndrome patients carry three copies of
chromosome 21 instead of two, this finding indicated that overexpression of one or
more genes on chromosome 21 may lead to the development of AD. In 1987, the
gene encoding for the amyloid precursor protein (APP) was isolated and localized on
chromosome 21 (region 21q11.2-21g21.2).20 APP is the precutsor for B-amyloid, a
protein that accumulates in senile plaques and cerebral blood vessels in AD brains.
Therefore, the APP gene was considered to be a candidate for AD despite the fact
that the causal relation between senile plaque formation and the development of AD
was an issue of debate. Arguing strongly against a causal relation is the absence of a
reladon between severity of dementia in A patients and [B-amyloid burden®
Moreover, senile plaques can also be observed in brains from nondemented elderly.??

In 1991, a mutation in the APP gene was identified which leads to AID.2 Since
then, several other APP mutations have been found that cause autosomal dominant
forms of AD with an early onset.2* Each of these variations change the coding for
one amino acid. At position 717, three different substitutions of valine have been
found: to isoleucine (Val717->1le), 2252 to phenylalanine (Val717->Phe),* and to
glycine (Val717—>Gly).3! Other mutations include a substitution of asparagine instead
of lysine at position 670 (Lys670—Asn),2 methionine for leucine at position 671
(Met671—Leu}, and alanine instead of glycine at 692 (Ala692—->Gly).»

It has become clear that mutations in the APP gene may explain only a limited
number of patients with AD.3¥3 The Val717— e mutation was found in only nine
families®252%; these include families from European as well as Japanese origin, which
suggests that several independent mutations may have occurred. The other APP gene
mutations have been observed in one family each. Although the clinical and public
health implications of these rare mutations are thus limited, the finding that APP
mutations lead to AD implies that B-amyleid is most likely involved in the disease
etiology. Several studies have examined the consequences of the APP mutations to
the B-amyloid protein (ie., the product of the APP gene). The consequence of the
Val717—-1Ile mutation may be that longer B-amyloid fragments are generated, which
agatregate mote rapidly.® For the Lys670—Asn and the Ala692-Gly mutations, the
secretion of B-amyloid appears to be increased. 418 Althoungh several functions have
been proposed for B-amyloid and APP, their function is not yet known# APP
resembles, on the basis of its amino acids sequence a cell-surface receptor.®

APP mutations are not solely related to AD but may also lead to other disorders.
A mutation in codon 693 of the APP gene, replacing glutamic acid by glutamine
(Glu693->Gln), causes Hereditary Cerebral Hemorthage with Amvyloidosis of the
Dutch type, an autosomal dominant form of hemorrhage due to amyloidosis.#:*7 The
Ala692->Gly mutation results in AD and in cerebral hemorrhages due to congo-
phylic amyloid angiopathy.?
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Preseniling

Since APP could only explain the development of AD in a small number of families,
several groups have searched for other implicating genes. In 1992, the second AD
gene was focalized on chromosome 14.4 However, this gene could not be isolated
until 19959 It was designated presenilin 1 (PS-1) because of the presenile onset of
disease in the families studied. It has been suggested that mutations in this PS-1 gene
may cause up to 70 percent of all autosomal dominant AD with onset before 55
years.¥31 However, screening of a population-based sample of early onset AD
paticnts, revealed PS-1 mutations in not more than 7 percent.$? At present, over 40
different mutations in PS-1 have been described.#% The diverse ethnic otgin of
patients with the same PS-1 variation suggests a high frequency of new mutations.
Therefore, it cannot be excluded that mutations in the PS-1 pene can also be found
in AD patients with the sporadic form (i.e., cases with no family history of dementia).
Mutations in the PS-1 gene may also lead to AD with a late onset. Carriers of two
type 1 alleles at intron 8, a polymorphism that is not expressed, were found to have
an increased risk for the late onset form of AD. Howevery, this finding could not be
confirmed by others.® The exact proportion of AD patients that can be ascribed to
PS-1 mutations has yet to be determined.

Within months after the identification of PS-1, a similar gene on chromosome 1
was localized, which was termed presenilin 2 (PS-2).5% At present, two PS-2 muta-
tions that cause AD have been found. But, PS-2 mutations appear to be a rare cause
of early onset AD. One of the PS-2 mutations was identified in seven families of
Volga-German origin.® The second PS8-2 mutation was found in an Italian AD
family.58

The role of the presenilins in the pathogenesis of AD is unknown. The gene
product of PS-1 is 2 membrane protein.! PS-1 has been found in senile plaques from
AD patients, and not only in those with a mutation in the PS-1 gene.S* It has been
suggested that a mutation in PS-1 leads to greater secretion of long B-amyloid which
aggregates more rapidly.6065

Susceptibility genes

Apolipoprotein E

Before the discovery that apolipoprotein E (apoE=protein, APOE=gene) is
involved in the etiology of AD, apoE had been studied because of its pivotal role in
lipid metabolism.® The APOE gene is localized on chromosome 19 (region 19q13.2)
and has three common alleles (APOE*2, APOE*3 and APOE*4) that code for three
different isoforms (apoE2, apoLll3 and apoE4, respectively).% The apoFE isoforms are

10
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structurally very similar, but differ in one or two amino acids: apoE3 has cysteine on
position 112 and arginine on position 158, apoE4 has arginine on these positions,
and apoE2 cysteine.5 In populations of Eutopean ancestty, the APOE?*3 allele has a
frequency of 0.77. APOE*2 and APOE*4 are less common (allele frequencies
respectively (.08 and 0.15 in populations of European origin).%8 APOE*4 {s mote
rare in Chinese and Japanese populations (0.06-0.12),# and more frequent in
Africans (0.21} and in Finns (0.23).6%6

Strength of association In 1991, linkage to chromosome 19 was reported in
families with late onset AD.™ One of the genes located in this region is APOL. As
the apoE protein was also found in senile plaques, APOE was tested as a candidate
gene for AD. In 1993, Suittmatter and colleagues reported that the APOE#4 allele
frequency was significantly increased in familial AD patients derived from a brain
bank.”! Since then, numerous research groups confirmed the increased frequency of
the APOE*4 allele among AD patients.’297 In a meta-analysis of the findings up to
early 1995,% both eatly and late onset AD as well as sporadic and familial types, were
associated with APOE*4 (fabk). However, an increased APOE*4 frequency in fa-
milial early onset AD has not been reported consistenty.?9-16t Part of the discrep-
ancy between studies on familial eatly onset AD can be explained by the lack of uni-
form criteria for familial disease.

Several studies showed that subjects with two copies of the APOE*4 allele
(homozygotes) have a higher risk compared with those with one copy (hetero-
zygotes) (odds ratos vary from 4.9-34.3 and 1.6-5.1 respectively).2758082568791.97

Table - APOE*4 allele frequencies in various AD types*

Number of Number of APOE*4 95% confidence

Type AD A ) g
studies patients frequency interval
tarly onset familial AD? 2 143 0.42 0.36 to 0.48
Early onset sporadic AD 4 168 0.28 0.23 to 0.33
Late onset familial AD 8 601 0.48 0.45 to 0.51
Late onset sporadic AD 24 1562 0.37 0.351t0 0.39
Nondemented controls 1 2000 0.14 0.12t0 016

* Based on a meta-analysis.*®
! Cases were not examined for alf currently known autosomal dominant mutations, later studies did
not find an association, %%

11
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There is some evidence that the APOE genotype effects the age at AD onset.
APOE*4 homozygotes were found to have a 3-16 years earlier onset as compared
with non-APOFE#* cattiers, 38187102106 ‘The age of onset cffect was however not
observed consistently.82%9%107109 Also the role of the APOE*2 allele in AD is a
matter of controversy. Several studies repotted a decteased APOE*2 frequency in
AD patients (0.01-0.05), independent of the effect of APOE*4, which suggests a
protective effect 9211013 I contrast, others found an increased frequency of
APOE#2 (0.13-0.14) 114115

Heterogeneity of studies Despite the large number of investigations compatible
with an increased tisk of AD for carriers of APOE#4, the strength of this association
varies considerably. The differences across studies are probably the result of the
differences in ascertainment of cases (clinic- versus population-based, prevalent
versus incident), the heterogeneity in case-seties studied (familial or sporadic, late
onset versus eatly onset} and the diagnostic criteria used (possible, probable or
definite AD). The large majority of studies used clinic-based patient-series, and all
studies except twoll6!? are based on prevalent cases. Thus, selection may also have
occurted because of referral bias and survival bias associated with the APOE

genotype.

Possible bias An impostant aspect regarding referral bins is that APOE may, in
patt, determine the symptoms of AD,U8120 which may effect clinical referral. Also,
the fact that APOE*4 carrlers mote often have a positive family histoty of de-
mentia 8091 could lead to refertal bins.12! Compared with AD cases from a com-
munity-based study, patients from a memory clinic indeed had a higher APOE*4
allele frequency, an eatlier disease onset, and a more advanced state at assessment.'?
With tegard to putative prevalence-incidence bias, investigations of the role of
APOE in progression and survival of AD are relevant. However, studics on APORE
and the rate of progression of AD have yielded inconclusive results,102103,107,123-127 Ng
relation between APOFE and mottality has been found by some groups,1®128 while
others described an increased survival in AD patients with APOE#4,1021051412 and 5
decreased survival for eardy onset AD patients with APOFE*2.14 A problem in the
interpretation of these studies is that cach of these investigations is based on
prevalent patients who may have entered the study at different stages of discase. Also
the chatactetistics of the AD patients and the definition of disease duration varied
considerably. However, if the finding that APOE*4 carriers survive longer is correct,
the risk of AD associated with APOE*4 may be inflated in studies of prevalent

patients conducted to date.!??

12
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Incidence studies Indeed, in two population-based studies on incident patients, in
which participants wete included before onset of dementia, a relatively low APOE*4
frequency had been observed.!6177 However, one of these studies focussed on
dementia and not AD specifically,t'¢ which may explain in part the low APOE*4
frequencies observed (0.17 in patients using DSM-1II-R critetia, '3 and 0.26 in cases
diagnosed with ICD-10 criteria).!3 However, also the other study on incident AD
patients reported a low APOE*4 frequency (0.13),''7 and used the NINCDS-
ADRDA criteria? As this latter study was performed among Italian-Americans in
whom APOE*4 is relatively tare, the frequency of this allele in AD cases was still
significantly increased compared with the unaffected controls (0.08).117 Age- and sex-
specific risk estimates associated with the various APOE genotypes await large scale
incidence studies.

Causal inference: studies of different populations An important issue to resolve
is whether APOE is causally related to AD or whether another, neighboring gene
exerts the pathogenic effect. The latter situation is known as linkage disequilibrium,
Indeed, polymorphisms flanking the APOE gene have been found to be associated
with AD in some studies.?2*132 Investigations of different populations may shed
light on the possibility of linkage disequilibrium. If APOE*4 is causally related to
AD, one expects to find an association in each population studied, assuming that
there are no strong effect modifiers which differ across populations. The association
between APOE*4 and AD has been confirmed in vatous populations, including
those of African, Chinese and Japanese origin. 317 However, findings in persons of
African origin have been inconsistent. Tn a small study on Nigetians, no association
between APOE*4 and AD was observed.® Whereas one study in African-Americans
reported that APOE*4 was a strong risk factor for AD,'** others found a lower
APOE*4 associated tisk of AD for Aftican-Ameticans compared with Caucasians, '3

Causal Inference; experimental studies In spite of the weak associations in the
studies on incident cases,!’617 and on patients of African descent, @133 there is
suppott from experimental studies that APOE is causally related to AD. It has been
shown that the B-amyloid burden is related to the APOE genotype 848576105.U8,139 The
apoLl isoforms may have a specific effect on the formation, aggregability, 1014 or
clearance, 314 of B-amyloid. Also isoforms specific differences in the binding to B-
amyloid have been reported, though not consistently.’547 The apoF4 isoform may
bind less strongly than apoE3 to tau and MAP2c proteins, which may result in the
development of neurofibrillary tangles,¥®4? another neuropathologic feature of AD.
Alternatively, the transport of lipids could be compromised in APOE*4 catriers,
leading to a poor teinnervation after neuronal cell loss.!® The cholinergic neuro-

13
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tansmitter system relies heavily on lipid homeostasis,”® and the choline acetyl-
transferase activity in the AD brain may be inversely related to the number of
APOF*4 alleles. 35152 In vitro studies suggest that apol3 facilitates and apoF4
inhibits neurite outgrowth,1*315¢ Recently, apoE4 has been shown to have decreased
antioxidant activity, and apoEE2 increased activity, as compared with apolZ3.15 Apart
from structural differences between the apoEl isoforms, it was found that the apoE
content decreases with increasing APOE*4 allele copies in the AD brain, 136

Other susceptibility genes

A number of genes have been studied because of the possible role of the gene
product in the AD pathology. Like apoE, cj-antichymotrypsin (ACT) binds to B-
amyloid, and serves as a stimulatory factor in the polymerization of B-amyloid.'*? In
the AD brain, ACT is expressed particulatly in areas that develop B-amnyloid
deposits.!S? Therefore, the ACT gene was considered to be a candidate gene involved
for AD. Although in one study, homozygotes for the ACT*A allele wete found to
have an 1.5-fold increased risk of AD as compared with other subjects,®® this counld
not be confirmed elsewhere.!?

The association between APOE*4 and AD led to studies of genes whose
ptoducts bind to apoE. The Very Low Density Lipoprotein receptor (VLDL-1) 1s
one of the receptors for lipoproteins containing apolZ.’0 Subjects homozygous for
the AZ allele of the VLDL-r gene had a two- to threefold increased risk of AD) in a
Japanese study. ! However, these findings could not be verified in Caucasians. 162163

There is some evidence that the gene encoding the precursor protein of non-
amyloid-B component (NACP) may be involved in the pathogenesis of AD. Among
carders of APOE*4, the NACP allele 2 was found to be more frequent in
non-demented elderly than in AD patients.’ "The observation that the NACP allele
2 may exett a protective effect remains to be confirmed.

‘The CYP2D6B allele may increase the risk of Parkinson's disease and the Lewy
Body vanant of AD,%6¢ although not consistently.'” The protein product of
CYP2ID6 is involved in detoxifying environmental toxins. 1 As there are similarities
between AD and Parkinson's disease and familial aggregation of these disorders has
been observed,” CYP2D6B was studied in AD. The CYP2D6B allele was found to
be associated with milder synaptic pathology in AD brains.'6? A recent study supgests
that the frequency of this allele was comparable in AD patients and in controls.
Therefore, the role of the CYP2D6B allele in the development of AD may also be
limited,
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Interaction of genes and environmental factors

As large numbers of patients and controls are needed to study rare gene-gene and
gene-envitonment interactions, studies up till now focused on the most frequent
genetic risk factor for AD, the APOE*4 allcle, Several studies found the strongest
effects of APOLE*4 on AD to occur in those with a positive family history of
dementia 80219698370 However, for most dominant mutations, no interaction with
APOI*4 was observed.6t95-101 The exception may be the Val717->Ile APP
mutation, for which APOE appears to effect the age of AD onset.f7117 Patents with
APOE*2 had a later onset age,'h172 while disease onset was eatlier in cases with
APOE*4.172 Tt is controversial whether there is interaction between APOE and the
putative susceptibility genes ACT, VLDL-r and NACP,158159,161-164,173

There is some evidence that the association between APOE*4 and AD may be
modified by gender.1"+1% In a study of familial AD, women who caury one
APOE*4 allele had a similar risk of AD as women carrying two APOE*4 alleles.t?
It men, to the contrary, no sighificant differences were observed between APOE*4
heterozygotes and non-APOE*q carriers. 103177 Fowever, a gender specific APOE*4
associated risk of AD was not found by othets.'® The interpretation of these
findings is hampered by the fact that these are based on prevalent patients, and may
be the result of gender specific differences in cardiovascular mortality related to
APQE*4,179

The odds ratio for AD associated with APOE*4 may decrease with age.”>!113.150 In
very eclderly subjects the APOE*4 frequency was similar in AD patients and
cognitively normal individuals.’®! There are several explanations possible including
age-dependent expression of the APOE gene and interaction of APOE*4 with an
age dependent factor. However, in one of the population-based studies of incident
AD patients, the APOE*4 related risk of AD did not vary with age.!!” Further
studies of age-specific risk are cleatly needed.

Serum cholesterol levels aie partly determined by genetic factors, including the
APOE gene.®® It has been suggested that total cholesterol level may modulate the
APOE*4 associated tisk of AD.I Also the presence of generalized atherosclerosis
seems to potentiate the effects of APOE*4 on the risk of AD.8

A previous head injury may be another environmental factor involved in the
etiology of AD.? A synergistic interaction was observed between the effects of
traumatic head injury and APOE*4.18 APOE*4 cariers without a previous head
injury had a twofold increased risk of AD, while APOE*4 carriers with a head injury
were on a tenfold increased risk.’82 This observation was supported by a postmortem
study which suggested that deposition of B-amyloid after head injury may depend on
the number of APOE*4 alleles.18
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A recent study suggests that reactivatdon of hetpes simplex vitus type 1 in the
brain, is only associated with the development of AD when the APOE*4 allele is
present. 8 If confirmed, this finding indicates another genc-environment interaction.

In several case-control studies, an inverse relation between smoking and AD has
been reported.!! The putative protective effect of smbking tay be Hmited to
APOE¥4 carriers with a family history of dementia,!'®s This relation should be further
investigated, since previous studies have been subject to selection bias, survival bias
and recall bias. Indeed, in a recent follow-up study, smokers were found to have an
increased risk of dementia, especially in the absence of APOE*4.12

Estrogen use during menopause may lower the sk of AD." Among women
with APOE*4, the protective effect of estrogen was stronger compared with women
without APOE*, although these differences were not statistically significant.!® In 2
study of AD patients with eatly onset, the protective effect of estrogen use was
found to be limited to women who carrted APOE#4,186

Limited information is available on the interaction of APOE with the use of
nonsteroid anti-inflammatory drugs. Although the strongest evidence for an asso-
ciation was found in persons without APOE*4, there is no significant evidence for
effect modification. 187

Clinical and public health implications

There are three potential applications of testing for the presence of AD mutations: 1.
for predictive testing in unaffected individuals in otder to identify persons at high
tisk of AD, 2. as a diagnostic test, and 3. to select demented patients for therapy.
Despite the high risk of AD associated with the known domnant mutations in the
APP, PS-1, and PS-2 genes, testing will be not be valuable because these mutations
are very rare. Only in patients from families with an autosomal dominant form of
AD, screening for these mutations may be useful. This section will therefore focus

on APOE*4, by far the most frequent genetic risk factor for AD.

Predictive testing Many authots have argued against the use of APOE genotyping
in the prediction of whether or not someone will develop AD.1:1% An important
argument s that reliable APOR specific estimates of the lifetime risk of AD are
lacking, Estimates, based on data from vatious case-series, indicate that APOL*4
carriers have a substantial chance of nof developing AD during a lifetime.®? Although
there is some evidence that APOE typing can identify asymptomatic people at high
dsk of AD,P4% in the absence of preventive strategies, presymptomatic testing
scems to be of little use and to be unethical.
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Diagnosis It has been suggested that APOE testing be used in the diagnosis of
AD® Although APOE genotyping may further increase diagnostic certainty in a
population of probable AD patients, 1% its value in the differential diagnosis of dewentia
is limited as APOE*4 may also be associated with other dementing illnesses than
AD Incieased APOE*4 frequencies have been reported in patients with vascular
dementia,?»198.19% Lewy Body disease,2203 Parkinson's disease dementia, ™ frontal
lobe dementia,252% and Creutzfeldt-Jakob disease?” Findings on APOE and the
non-AD dementias are somewhat controversial however, 202214 with the exception of
Lewy Body disease. The probable association between APOE*4 and the most
tmportant alternative diagnosis for AD, vascular demenitia,?»19819 may limit the utility
of APOE testing in the differential diagnosis of dementia. There is an ongoing
debate on this issue. The American College of Medical Genetics/American Society
of Human Genetics and others did not recommend APOE genotyping in the
diagnosts of AD.1% The National Institute on Aging/Alzheimer's Association
Working Group concluded that physicians may choose to use APOE genotyping as
an adjunct to other tests currently employed for AD diagnosis.!?!

Therapy It has further been suggested that APOE genotyping may be valuable in
the evaluation of therapy. Tacrine, an acetylcholinesterase inhibitor,2% was found to
be less effective in demented APOE*4 carriers, as compared with patients who do
not carty an APOE¥ allele.'®! However, in this small study, patients were selected
from a group who completed the trial, and who showed maximal change.!
Diagnostic critetia wete not desciibed, and it is not clear whether there were baseline
differences in the stage of disease between patients with and without APOLE*4.151
Besides, several outcomes were used with no adjustment for multiple testing.15! This
finding is therefore preliminary and needs to be confirmed by others.

Discussion

In recent years, remarkable progress has been made in the unraveling of the genetic
basis of AD. The possible interaction of various AD genes and environmental
factors is schematically represented in the figmr. Yet, research on the genetics of AD
is far from completed. Various mutations in three genes (APP, PS-1 and PS-2) have
been identified which can lead to AD, but these are all extremely rare. The APOE*4
allele is a common risk factor, but despite the overwhelming evidence for an
increased frequency of this allele in ADD patients, there are currently no reliable age
and gender specific risk estimates available. The risk of AT} associated with the
"APOE#2 allele also remains to be resolved. Up till now, findings on other
susceptibility genes have been difficult to reproduce.
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It is to be expected that othet, yet unknown genes are involved in the etiology of
AD. Familial aggregation in the general population or in genetically isolated
populations could not be explained by already known AD genes only.528091216217 The
yet unknown AT genes are most likely implicated in the etiology through more
complex mechanisms than the ones identified to date.

Classical linkage analysis does not seem to be a promising technique to detect
these new genes, as families with AD patlents in multiple generations are rare, and
linkage analyses did not yield clues.®® An alternative approach is to examine affected
sib-pairs, but this requires a large number of siblings.2t® In recent years, much
attention has been paid to the possibility of localizing disease genes using case-series
instead of families.2!8 ‘The statistical power of these studies in the general population
is limited, but the situation is more favorable in isolated populations were there is
usually less genetic variability.2” However, extrapolation of these findings to the
general population may be limited. As experimental research will identify more and
more details of the protein chemistry of AD, and the Human Genome Project
advances further in identifying genes, the opportunities for candidate-gene studies
will increase. Howevet, all of the above techniques for the identification of new
genes are subject to false positive findings. As there is usually no a prioti hypothesis
as to which allele is associated with the disease, and a large number of alleles can be
tested, problems related to multiple testing are encountered.

An mmportant aim in genctic-epidemiologic research will be to determine the
contribution of newly identified genes to the occurrence of disease. For this purpose,

APOE
R Vascular factors
ACT Head trauma
ViDLr HSV-1 infection
NACP Smoking
Estrogens
NSAIDs
Education
Genes EFnvironment

Figure — Schematic representation of various genetic and environmental factors involved
in the etiology of Alzheimer's disease (AD),

The thickness of the arrows indicates the evidence of a causal association. APP indicates the
amyloid precursor protein gene, PS-1 the presenilin 1 gene, PS-2 the gene for presenilin 2,
ACT denotes the o,-antichymotrypsin gene, VLDL+ the gene for the very low density
lipoprotein receptor, NACP the gene for non-amyloid-R component of amyloid precursor
protein, and APOE denotes the apolipoprotein £ gene. HSV-1 indicates herpes simplex virus
type 1, and NSAIDs denotes non-steroidal anti-inflammatory drugs.
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population-based studies are needed in order to overcome referral bias. The problem
of survival bias can only be overcome in a follow-up setting. However, in these
surveys it has been difficult to implement newropathologic confirmation of the
diagnosis. An estimated 10 percent of clinically diagnosed ADD patients appear to
have another dementing #lness at autopsy.??® This may result in diagnostic mis-
classification  which teduces statistical power. Nevertheless the ptoblem of
misclassification in population-based studies is outweighed by the oppottunity to
study gene-environment interactions, using prospectively collected data on exposute.

Further research will thus be important to unravel the pathogenesis of AD, and
eventually to develop effective therapy. Transgenic animals carrying AD mutations
can be useful for this purpose. Given the developments in pharmacology and
genetics, it is likely that genetic testing will be used to identify subgroups that will
benefit from new therapeutic interventions. For susceptibility genes, untaveling
interactions with preventable risk factors may ultimately lead to a new atea in genetic-
epidemiology, prevention of disease in genetically susceptible groups.
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3.1

APOE testing in the
differential diagnosis of dementia

Considerations based on
existing literature

Introduction

In Alzheimer’s disease, there is a gradual decline in cognitive functions, often
accompanied by alterations in personality and behaviour.'? Despite these charac-
terdstics it can be difficult to differentiate Alzheimer’s disease form othet types of de-
mentia, especially in its eatly stapes. Although there is not yet effective treatment
available, it is important to make the right diagnosis. Fitstly, reversible dementing
illnesses should be diagnosed and treated. Secondly, given the devastating course, it is
crucial to correctly inform the demented patient and his family which future lies
ahead.

A diagnosis of Alzheimer’s disease is usually made in two steps. Firstly, it is in-
vestigated whether a dementia syndrome is present, usually using the DSM-I11-R
criteria.> This is a clinical diaghosis, in which neuropsychological testing can play an
important role. Secondly, it is investipated whethet the clinical picture fits that of
Alzheimet’s disease, while other causes of dementia are excluded. For the latter
purpose, various diagnostic tools can be used! The association between the
APOE*4 allele of the apolipoprotein E gene (APOE),5¢ brought some investigators
to recommended APOE testing as a differential diagnhostic tool? )

If APOE testing can truly distinguish Alzheimer patients from other demented
individuals, it implies that APOE*4 is differentially associated with Alzheimer’s
disease than with other dementias. As the value of APOE typing in the differential
diagnosis of dementia has not yet been investigated in patients who are referred
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because of a possible dementia syndrome, this article aims to explore this issuc on
the basis of the existing literature. Firstly, the association between the APOE*4 allele
and the non-Alzheimer’s disease dementias will be reviewed. Secondly, some meth-
odological issues will be discussed.

Apolipoprotein E and the
non-Alzheimer’s disease dementias

Vascular dementia, dementia due to cerebrovascular disorders, is after Alzheimer’s
disease the most common cause of dementia® Classically, it is characterised by a
sudden onset and focal neurological deficits. Different diagnostic critetia can be used,
but the ovetlap is poor.? As atheroscletosis seems also to be related to Alzhcimer’s
disease, 0 the distinction from vascular dementia is often difficult, and may be
attificial. Among patients with vascular dementia, an increased frequency of the
APOE*4 allele has been observed: 0.21-0.46 vetsus 0.15 in the general popula.
tion. 13 However, others did not find an association between APOE*4 and vascular
dementia (allele frequency 0.06-0.14).116 1t should be noted however, that studies
supporting the association between APOE*4 and vascular dementia are method-
ologically supetior. Therefore it seems to be likely that APOE*4 is related to vascular
dementia, :

Diffuse Lewy body disease was found to be associated in neuropathological
studies with an increased APOE*4 allele frequency (0.22-0.42).7%1% Diffuse Lewy
body disease is a type of dementia characterised by confusion, anxiety, hallucinations
and parkinsonism. Lewy body disease is however a controversial entity, and may be a
variant of Alzheimer’s disease.

Dementia after the onset of Parkinson’s disease is often characterised by mental
slowing, decreased flexibility, and a deficit in recalling, while recognition may be un-
altered. Still, the distinction with Alzheimer’s disease may be difficult, as also
Alzheimer patients may develop parkinsonism.? It is still unclear whether Parkin-
son’s disease dementia is related to APOE*4: an increased allele frequency has been
described (0.32),2422 bur this was not confirmed by others.??¢ Of these studies, two
wete population-based,22* and contradicting,

It remains to be clarified whether frontal lobe dementia is association with
APOE*, Two publications repost an increased APOE*4 frequency (0.25-0.38),52 a
third one does not (0.09).27 The clinical picture of frontal lobe dementia is, in its carly
stages, dominated by altetations in personality and behaviour; memory disorders

usually occur later on.
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Cognitive impairment is frequently found it depressive patients. The loss of mo-
tivation and attention, may result in a decreased performance with cognitive testing,
Disorders of mood are also frequent in the early stages of dementia. Therefore, the
distinction between eatly dementia and deptession in the eldetly can be difficult. The
APOE*4 allele frequency was found to be increased i 2 small study among depres-
sive elderly people.?® This finding remains to be confirmed by others.

Discussion

In ordet to be useful in diagnosis, it is essential that a test result changes diagnostic
certainty. Therefore, we can compare the pre-test probability (or @ priorf probability)
with the post-test probability (or « pasterior’ probability). The @ priori probability of
Alzheitner’s disease, P(AD), in a demented patient is 50-70%, the propottion Alz-
heimer patients among all demented subjects,'® Using Bayes’ patadigm the « posteriori
probability P(AD|APOE*4) can be calculated, which is the probability of Alz-
heimer’s disease given carttership of APOE*4:

PAD)-P(APOE*4] AD)

P(ADIAPOE*) =
P(AD)-P(APOE*4| AD} + P(no AD)-P{APOE*4|no AD)

The gain (the difference between the a priori and the a posteriori probability) in-
creases with a decreasing denominator of the above ratio. This denominator de-
creases when P(no APOE*4|no AD) increases, because P(APOE*4{no AD) +
P(no APOE*4|no AD) = 1. P(ho APOE*4|no AD) is known as the specificity.
Thetefore, the larger the specificity the larger the diagnostic gain.

As outlined above, APOE*4 seems to be associated with the most important
alternative diagnosis for Alzheimer’s disease, vascular dementia, and possibly also
with other dementing diseases. It is therefore not to be expected that the specificity
of APOE testing among dementia patients will be high. The gain of diagnostic
certainty will thus not be substantial.

Theoretically, it is not be expected that the presence or absence of a risk factor
can easily be used for diagnostic purposes.?® A test should be positive in the diseased
(i.e. high sensitivity), and negative in those without the disease (high specificity). The
sensitivity can be written as

P{APOE * 4)- P(ADIAPOE * 4)
P(APOE * 4)- PAD|APOE * 4) + PRoAPOE * 4)- P(ADjnoAPOE * 4)

PAPOE*4[AD) =
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_ RR -P{APOE* 4)
RR -P{APOE * 4) + 1- P[10APOE* 4)

i
. 1 P(APOE*4)
RR -P(APOL * 4)

L

As this relates to differential diagnosis, RR denotes the relative tisk of Alzheimer’s
disease associated with APOE*4, in a population of demented patients. Also
P(APOE*4) refers to the proportion of APOE*4 carders among demented
individuals.

If at least 50% of the Alzheimer’s patients are test positive (sensitivity more than
50%), it follows that: 1-P(APOE*4) < RR-P(APOE*4).

This is true when APOE*4 is common and/or the relative tisk is high. It has not -
yet been reported what the proportion is of persons carrying one or two APOL*4
alleles, among subjects who are refereed because of a possible dementia syndrome.
Given the putative relationship between APOE*4 and the non-Alzheimer’s disease
dementias, it is to be expected that the relative risk of Alzheimer’s disease associated
with one ot two APOE*4 alleles among dementia patients, will be close to one.
Thetefore, the sensitivity of APOE testing in the differential diagnosis of dementia is
expected to be low, and as discussed above, probably the same will hold true for the
specificity. '

APOE genotyping has been recommended as a relatively cheap test, that could
replace other diagnostic tools.” However, demented APOE*4 carriers can still suffer
a treatable disease, although chances are limited. The devastating course and the
limited thetapeutic possibilities for Alzheimer’s patients, justify a stately aimed to
exclude (tare) types of dementia which can be cured. These diagnostic tests should
therefore never be omitted.

It has Further been suggested that APOE genotyping could identify a subgroup of
Alzheimer patients who could benefit best from treatment. Tacrine, an acetyl-
cholinesterase inhibitor,*® was found to be less effective ih demented APOE*4
cartiers, as compared to patients who do not carry an APOE*4 allele.? As this was a
small study, with several methodological weaknesses,? this finding needs to be
confirmed by others.

As the advantages of APOE testing seem to be small, the disadvantages may be
large. The disclosute of the APOE genotype may cause unnecessary concern in the
offspring of Alzheimer patients, especially in those homozygous for APOE*4.3
Cutrently, APOE genotyping is not a useful test in the diagnosis of Alzheimer’s
disease. Of course this will change when there is more evidence that the effects of
new therapeutics will depend upon the APOE genotype.

36



APQE fosting: considerations based on existing literature

References

10.

11.
12,
13.
14.
. Kawamata ], Tanaka 8, Shimohama §, et al. Apolipoprotein E polymorphism in Japanese
i6.
7.
18.

19.

20.

Cumimings JL. Dementia: the failing brain. Lancet 1995;345:1481-4,

McKhann G, Drachman D, Folstein M, et al. Clinical diagnosis of Alzheimer's disease: re-
pott of the NINCDS-ADRDA Work Group under the auspices of Department of Health
and Human Services Task Potce on Alzheimer's disease. Neurology 1984;34:39-44,
American Psychiatric Association. Diagnostic and statistical manual of mental disorders,
third edition, revised. Washington DC, American Psychiatric Association, 1987.
Corey-Bloom J, Thal L, Galasko D, et al. Diagnosis and evaluation of dementia. Neurology
1995;45:211-8,

Strittmarter WJ, Saunders AM, Schmechel I, et al. Apolipoprotein E: high-avidity binding
to B-amyloid and increased frequency of type 4 allele in late-onset familial Alzheimer disease.
Proc Natt Acad Sci USA 1993;90:1977-81.

Farrer LA, Cupples LA, Haines JL, et al. Effects of age, sex, and ethaicity on the association
between apolipoprotein E genotype and Alzheimer discase, JAMA 1997;278:1349-56.

Roses AD. Apolipoprotein E genotyping in the differential diagnosis, not prediction, of
Alzheimer’s disease. Ann Neurol 1995;38:6-14,

Ote A, Breteler MMB, Van Harskamp F, et al. Prevalence of Alzheimer’s disease and vascu-
lar dementia: assaciation with education. The Rotterdam Stady. BMJ 1995;310:970-3.

Gold G, Giannakopoulos P, Montes-Paixao C, et al. Sensitivity and specificity of newly pro-
posed clinical critetia for possible vascular dementia. Neurology 1997;49:690-4,

Hofman A, Ott A, Breteler MMB, et al. Atherosclerosis, apolipoprotein E and the preva-
lence of dementia and Alzheimer’s disease in a population-based study: the Rotterdam study.
Lancet 1997;349:151-4.

Slooter AJC, Tang M-X, Van Duijn CM, et al. Apolipoprotein E £4 and the risk of dementia
with stroke. A population-based investigation. JAMA 1997,277:818-21.

Noguchi §, Murakami K, Yamada N. Apolipoprotein E genotype and Alzheimer’s disease.
Lancet 1993;342:737.

Frisoni GB, Calabresi L, Geroldi C, et al. Apolipoprotein E €4 allele in Alzheimer’s disease
and vascular dementia. Dementia 1994;5:240-2.

Sakoda S, Kuriyama M, Osame M, et al. Apolipoprotein E g4. Neurology 1994;44:2420.

patients with Alzheimer’s disease or vascular dementia, ] Neurol Neurosurg Psychiatry 1994;
57:1414-6.

Higuchi S, Arai H, Nakagawa T, et al. The apolipoprotein E gene in Binswanger's discase
and vascular dementia, Clin Genet 1996;50:459-61.

Lippa CF, Smith I\W, Saunders AM, et al. Apolipoprotein E genotype and lewy body dis-
ease. Neurology 1995;45:97-103.

Benjamin R, Leake A, Edwardson JA, et al. Apolipoprotein E genes in lewy body and Park-
inson’s disease. Lancet 1994;343:1505.

Pickering-Brown SM, Mann DMA, Bourke JP, et al. Apolipoprotein B4 aud Alzheimer’s
disease pathology in lewy body disease and in other B-amyloid-forming diseases. Lancet
1994;343:1155.

Stern Y, Brandt ], Albert M, et al. The absence of an apolipoprotein £4 allele is associated
with a more aggressive form of Alzheimer’s disease. Ana Neurol 1997;41:615-20.

37



21.

22,

23.

24,

25.

26.

217,

28.

29.

30.

3L

32

33.

38

Chapter 3.1

Arai H, Muramatsu T, Higuchi S, et al. Apolipoprotein E gene in Parkinson’s disease with ot
without dementia. Lancet 1994;344:889.

De Rijk MC, Breteler MMB, Ott A, et al. Apolipoprotein E genotype, Parkinson’s disease,
and demeantia in Parkinson’s disease! the Rotterdam study, Submitted.

Koller WC, Glatt SL, Hubble JP, et al. Apolipoprotein E genotypes in Parkinson’s disease
with and without dementia. Ann Neurol 1995;37:242-5,

Marder K, Maestre G, Cote L, et al. The apolipoprotein g4 allele in Parkinson’s disease with
and without dementia, Neurology 1994;44:1330-1.

Stevens M, Van Duijn CM, De Knijff P, et al. Apolipoptotein E gene and sporadic frontal
lobe dementia. Neurology 1996. In press.

Schueider JA, Gearing M, Robbins RS, et al. Apolipoprotein E genotype in diverse neurode-
generative disorders. Ann Neurol 1995;38:131-5.

Pickering-Brown SM, Siddons M, Mann DMA, et al. Apolipoptotein E allelic frequencies in
patients with lobar atrophy. Neurosci Lett 1995;188:205-7.

Kirishnan KRR, Ritchie JC, Tupler LA, et al. Apolipoprotein E g4. Neurology 1994;44:2420-
i
Baron JA. The clinical utility of risk factor data. ] Clin Epidemiol 1989;42:1013-20,

Davis KL, Powchik P. Tacrine, Lancet 1995;345:625-30.

Poirier J, Deliste M-C, Quirion R, et al. Apolipoprotein E4 allele as a predictor of cholinergic
deficits and treatment outcome in Alzheimer disease. Proc Natl Acad Sci USA 199592
12260-4.

Slooter AJC, Van Dugjn CM. Genetic Epidemiology of Alzheimer disease. Epidemiol Rev
1997,19:107-19.

Bird TD, Bennett RL. Why do DNA resting? Practical and ethical implications of new
neurogenetic tests. Ann Neurol 1995;38:141-6.



3.2

APOE testing in the
differential diagnosis of dementia

The Rotterdam Study

Abstract

It is a matter of debate whether apolipeprotein E genotyping is useful in the differential diagnosis
of Alzbeimer's disease. We investigated this issne among 249 mildly fo moderalely demsented
patients derived from a population-based sindy. Apolipoprotein E genotyping was nof associated
with a statistically significant change in diagnostic certainty. We conclude that apolipsprotein E
genotyping seenmis to be of little value in the differential diagnosis of Alzheimer's disease.

Introduction

The E4 allele of the apolipoprotein E gene (APOE*4} is a major susceptibility factor
for the development of Alzheimer's disease (AD).12 It is a matter of debate whether
apolipoprotein E (APOE) genotyping is valuable in the differentiation of AD from
other causes of dementia.}$ However, up til now, these statements are based on data
from vatious case series, which may be subject to bias. In particular, test charac-
teristics that are detived from selected sedes of patients may not be applicable to the
disease spectrum in the general population. We present data on the performance of
APOE genotyping as a differential diagnostic test of AD among patients with dif-
ferent subtypes of dementia in a population-based survey.
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Methods

This study is based on the Rotterdam Study, a population-based cohort study of
subjects aged 55 yeats and over, including institutionalised persons. Dementia was
diagnosed as desctibed previously.S Briefly, of the 10275 eligible subjects, cognitive
function was assessed in 7528 (73%). Screen positive subjects were further evaluated
using an interview with a close relative, neuropsychological tests, neurological
examination and neuro-imaging. A panel assessed, based on all available information,
whether a dementia syndrome was present according to DSM-III-R criterda.? A
diagnosis of AD was made according to the critetia of the NINCDS-ADRDAS® A
diagnosis of AD with cercbrovascular disease (CVD) was based on a history of
sttoke ot neuro-imaging findings, that were considered not directly etiologically
telated to the dementia. Vascular dementia (V1) was diagnosed in accordance with
the criteda of the NINDS-AIREN.? Patkinson's disease dementia (PDD) was
diagnosed if the dementia started after the onset of idiopathic parkinsonism. Overall,
474 patients with dementia were detected. For this study we limited ourselves to
subjects with mild or moderate impairment (i.e. clinical dementia rating scale (CDR)
2 or less and minimental state examination score (MMSE) 16 or more), since these
are the people who are most likely referred to a clinic with suspicion of dementia.

Of the 347 subjects with mild or moderate dementa, a random sample of 249
patients (mean age 83.5 yeats; SD 7.3) was included in the present analysis, The
relative frequency of different subtypes of dementia in our study population was as
follows. Probable or possible AD was diagnosed in 74% (n=185), AD with CVD in
% (n=18), VD in 16% (n=40), PDD in 6% (n=16) and other dementias in 3%
(n=8). APOE genotyping was petformed as desctibed eatlier'®!! without knowledge
of the diagnosis.

Test chatactetistics fot a diagnosis of AD (probable or possible AD, or AD with
CVD) were calculated, using cases with any other type of dementia as the reference
group. The diagnhostic wotk-up as described above was used as the golden standard.
We calculated the sensitivity and specificity of a diagnosis of AD based on the
presence of at least one APOE*4 allele. The same was done for the presence of two
APOFE*4 alleles. In the latter analysis, the presence of one APOE*4 allele was
considered to be a non-positive/non-negative test result, ie. heterozygotes were ex-
cluded.’? Moteovet, we calculated the predictive value and the likelihood ratio of
zero, one and two APOE*4 alleles, The likelihood ratio refers to the proportion of
AD patients with a given APOE genotype divided by the proportion of those with
another type of dementia with the same APOE genotype. When a likelihood ratio
exceeds 1, the probability of disease increases; when the likelihood ratio is less than 1,
the probability of disease decreases; when the likelihood ratio approaches 1, the test
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Table 1 - The presence of APOE*4 in Alzheimer's disease and other dementia types*

Alzheimer's disease Other dementias
All AD Probable AD? Possible AD AD+ CVD All vD PDD
(n=185) (n=141) {n=44) {n=18} (n=64) (n=40) (n=16)
APOE4-E4- 0.68 067 0.68 0.56 0.61 .58 0.56
{0.61 t0 0.74) (0.60 to 0.75) (0.54 to 0.82) (0.33 10 0.79) (0.49 t0 0.73) (0.42 t0 0.73) {0.32 10 0.81)
(n=125) (n=95) (n=30) (n=10) (n=39) (n=23) (n=9)
APOE4+E4- 0.26 0.26 0.27 0.44 0.34 0.38 0.38
(0.20 to 0.32) (0.18 t0 0.33) {0.14 to 0.40) (0.21 to 0.67) {0.23 to0 0.46) (0.22 to 0.53) {0.14 to 0.61)
(n=48) {n=36) (n=12) {n=8) (n=22) {n=15) {n=6)
APOE4+E4+ 0.06 6.07 0.05 Q.00 0.05 G.05 0.06
{00310 0.10)  (003t00.11)  (0.00t00.11)  {0.00 to 0.00) (00010 0.10)  (0.00tc 0.12}  (0.00 to 0.18)
(n=12) (n=10) {n=2) (n=0) (n=3) (n=2) {n=1)

* Values are proportions {95% CI) and numbers. AD=Alzheimer's disease; CVD=cerebrovascular disease; VD=vascular dementia;
PDD=Parkinson's disease dementia.
T including subjects with AD + CVD.
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is uninformative.’? All analyses were petformed for the whole study population, and
in strata of age, gender and family histoty of dementia.

Results

Table 1 shows that the APOE*4 alleles was equally distiibuted in AD patients and in
those with another type of dementia (X?=8.9; P=0.35). In all patient groups, the
APOE genotype disttibution was in Hardy-Weinberg equilibrium. In bk 2 test
characteristics are shown for a diagnosis of AD based on the APOE genotype. We
found a poor sensitivity, and a teasonable specificity. The presence of one APOE*4
allele was not informative to diagnose AD (fubk 3), since the corresponding pre-
dictive value tended to be less than the « priorf probability (0.74, 95% CI: 0.69 to 0.80,

Table 2 - Sensitivity and specificity of a diagnosis of Alzheimer's disease based on the

APOE genotype*
Sensitivity Specificity
APOE*4+ 0.32 0.61
{0.26 to 0.39) {0.49 to 0.73)
APOE4E4! 0.09 6.93
(0.04 to 0.13) (0.85 to 1.0)

* Values are means (95% Cl).
! MHeterozygous APOE*4 catriers were excluded.,

Table 3 ~ Test characteristics of APOE genotyping in the differential diagnosis of
Alzheimer’s disease*

Predictive value Likelihood ratio
APQOE4-E4- 0.76 1.1
{0.70 to 0.83) {0.89 10 1.38)
APOE4+E4- 0.69 0.75
{0.58 to 0.79) (0.50 to 1.15)
APOE4+E4+ 0.80 1.38
(0.60 to 1.00) (0,40 to 4.75)

* Values are means (95% Cl).
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tabfe T). The probability of AD in case of two APOE*4 alleles slightly increased to
0.80 (95% CI: 0.60 to 1.00). However, the cottesponding likelihood ratio of 1.38 was
not significantly different from 1. Also, only 0.06 (95% CI: 0.03 to 0.10) of the AD
patients carried this genotype.

Our findings were similar for men and women, and for subjects with and without
a family history of dementia. When the study population was stratified in age tertiles,
the sensitivity decreased and the specificity increased with ageing. Specifically, in the
youngest age tertile (aged 82 years or less), the sensitivity associated with one
APOE*4 allele or more was 0.41 (95% CI: 0.29 to 0.54) and the specificity 0.56 (95%
CI: 0.37 to 0.75). In this subgroup APOL genotyping did not increase diagnostic
certainty either, Our results did not change when AD patients with CVD wete
excluded. Moreover, further restriction to only mildly demented subjects (those with
a MMSE score of at least 18 and a CDR less than 2, and within 3 years after the
onset of symptoms) resulted in similar findings.

Discussion

Our study suggests that APOE genotyping is of little value in distinguishing AD
patients from other demented subjects. The advantage of this study is the single-
centre, population-based design. A weakness however, is the lack of neuro-
pathological confirmation of the clinical diagnoses. We found a relatively low
APOL*4 allele frequency in AD patients, as did other population-based studies. 1314
Ouy study populations is relatively old, consequently APOE*4 is less prevalent.!s
However, in our study APOE genotyping is not informative in younger patients
cither.

Although at this moment there is no causal treatment available for AD patients,
the disease should be diagnosed with care. Treatable causes of dementia should be
detected, and correct information should be provided about the prognosis. Our
population-based study suggests that APOE genotyping is not useful in the
differential diagnosis of AD.

References

1. Stritematter W], Sauaders AM, Schmechel D, et al. Apolipoprotein E: high-avidity binding
to B-amyloid and increased frequency of type 4 allele in late-onset familial Alzheimer disease.
Proc Natt Acad Sci USA 1993;90:1977-81.

2. Van Gool WA, Evenhuis HM, Van Duijn CM. A case-control study of apolipoprotein E

43



0.

11.

12.

13,

14,

15.

44

Chapter 3.2

genotypes in Alzheimer's disease associated with Down's syndrome. Ann Neurol
1995;38:225-30.

Roses AD. Apolipoprotein E genotyping in the differential diagnosis, not prediction, of
Alzheimer's disease. Ann Neurol 1995;38:6-14.

Bird TD. Apolipoprotein E genotyping in the diagnosis of Alzheimer's disease: a cautionary
view. Ann Neurol 1995;38:2-4.

American College of Medical Genetics/American Society of Human Genetics Working
Group on ApoE and Alzheimer Disease. Statement on use of apolipoprotein E testing for
Alzheimer disease. JAMA 1995;274:1627-9.

Ott A, Breteler MMB, Van Harskamp F, et al. Prevalence of Alzheimer's disease and vascu-
lar dementia: association with education. The Rotterdam study. BM] 1995;310:970-3.
American Psychiatric Association. Diagnostic and statistical manual of mental disorders,
third edition, revised, Washington, DC: American Psychiatric Association, 1987.

McKhann G, Drachman D, Folstein M, et al. Clinical diagnosis of Alzheimer's disease: re-
pott of the NINCDS-ADRDA Wotk Group under the auspices of Department of Health
and Human Services Task Force on Alzheimer's Disease. Neurology 1984;34:939-44.

Roman GC, Tatemichi TK, Etkinjuntd T, et al. Vascular dementia: diagnostic criteria for
research studies. Report of the NINDS-AIREN International Workshop. Neurology
1993;43:250-60.

Van Duijn CM, De Knijff P, Wehnert A, et al. The apolipoprotein E £2 allele is associated
with an increased risk of eatly-onset Alzheimer's disease and a reduced suevival. Ann Neurol
1995;37:605-10.

Wenham PR, Price WH, Blundell G. Apolipoprotein E genotyping by one-stage PCR. Lan-
cet 1991;337:1158-9.

Simel D1, Samsa GP, Matchar DB. Likelihood ratios with confidence: sample size estima-
tion for diagnostic test studies. } Clin Epidemio} 1991;44:763-70.

Lannfelt L, Lilius L, Nastase M, et al. Lack of association between apolipoprotein E allele g4
and sporadic Alzheimer's disease. Neurosci Lett 1994;169:175-8.

Henderson AS, Hasteal S, Jorm AF, et al. Apolipoprotein E allele g4, dementia, and cogni-
tive decline in a population sample. Lancet 1995;346:1387-90.

Corder EH, Saunders AM, Risch NJ, et al. Protective effect of apolipoprotein E type 2 allele
for late onset Alzheimer disease. Nature Genet 1994;7:180-4.



4

APOLIPOPROTEIN E
AND RISK AND PROGNOSIS
OF DEMENTTA






4.1

Apolipoprotein E4 increases the risk
of dementia with stroke

Abstract

Objective To investigate the association between the apolipoprorein E (APOE) genotypes and
demientia in patients with siroke, defined as either vascular dementia (VD) or Alzbeimser’s disease
with cerebrovascnlar disease (AD+C17D).

Design and Setting Popuiation-based, case-control study from Rotterdam and New York City.
Participants 787 demented patients with stroke were compared with 507 controls similar in age
and ethnic gronp.

Main Outcome Measures The APOE allele frequencies in patients and controbs, the odds
ratio (OR) of dementia with sirwke, VD and AD+CVD, adjusted for age, gender, residency and
education and the percent atfributable risk refated to the APOE*,

Results Querall, demented patients with stroke had a bigher APOE® allele frequency than
controls. Compared to APOE*3 homogygote individuals, APOE* honogygotes bad a seven-fold
Increased visk of dementia with stroke, white persons with the APOE3E4 genotype bad a wearly
two-fold increase in wsk. Risks assoctated with APOE*{ did not vary by the subtype of dementia
with stroke or by age or gender. The percent atfiibutable visk refated to the APOE™ among
demrented patients with stroke was 41% overal,

Conclusion APOEX{ is a genetic risk factor for dementia with stroke, including 17D and
AD+CVD. This may imply shared genetic susceplibility to dementia assoctated with siroke and
AD. Alternatively, dementia in patients with stroke, as cnrently defined, may include patients with
AD.
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Introduction

The elevated risk of Alzhemmet’s disease (AD) among individuals with the APOE*4
allele of the apolipoprotein E gene (APOE=gene, apoE=protein) has been con-
firmed wotldwide.l> Among patients with dementia and stroke, the role of APOE
remains uncertain.é'2, Many studics have been limited by small numbers of patients
and other methodological issues. The aim of this population-based, case-control
study was to examine the relationship between the APOE genotypes and dementia
with swoke, ot its subtypes vascular dementia (VaD) and AD with cerebrovascular
disease (AD+CVD), while consideting the effects of age, gender and ethnic origin.

Methods

Data were pooled from individuals participating in two population-based studies, in
Rotterdam, The Netherlands and in New York City (Washington Heights). From all
participants, informed consent was obtained and the study was approved by the local
medical ethics committees, and the Institutional Review Board.

The Rotterdam study is a population-based cohort study of the total population
in a suburb, aged 55 years and older, including institutionalised persons. The objec-
tive was fo investigate determinants of chronic disabling diseases.’® The cohort in-
cludes 7983 subjects (response rate 78%) who wege examined from 1990 to 1993. In
1993 and 1994, 88% of the participants who were alive (n=06315) were re-examined.
Cognitive performance was assessed by the Mini Mental State Examination and by
the Geriatric Mental State schedule. Dementia was diagnosed using a three-phase
design, as described elsewhere.® Diagnosis included an interview with a relative, neu-
ropsychological testing, an examination by a behavioural neurologist and an MRI
scaf,

The Washington Heights study consists of a random sample of Medicare recipi-
ents i northern New York City provided by the Health Cate Financing Administra-
tion. The objective of this investigation was to estimate the frequency of vatious age-
related diseases of the nervous system and identify determinants of disease, The re-
sponse rate was 72%, and did not differ by ethnic origin. ‘The 2250 participants un-
derwent an annual assessment. A physician elicited the medical history and con-
ducted a standardised neurological examination. A standardised neuropsychological
battety!»16 and assessment of activities of daily living wete used to ascertain cognitﬁre
and functional criteria for dementia, '
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Diagnosis

All information was reviewed at consensus conferences in either Rotterdam or New
York. A panel of clinicians atrived at consensus for diagnosis of dementia according
to the Diagnostic and Statistical Manual of Mental Disorders (DSM-III-R) defini
tion.? The diagnosis of stroke was implemented similarly in Rotterdam and New
York using the World Health Organization (WHO) criteria.'® At both sites, direct
questioning of the next-of-kin or care-giver established the diagnosis of stroke, sup-
plemented by neurological examination and brain imaging, The diagnosis of AD was
based on the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) criteria.!” A diagnosis of dementia with stroke was considered for all de-
mented patients with a history or clinical evidence of stroke, and further subdivided
into: VaD, AD+CVD or dementia with stroke “unclassified”. VaD was based on the
criteria of the National Institute of Neurological Disorders and Stroke and the Asso-
ciation Internationale pour la Recherche et PEnseignement en Neurosciences
(ININDS-AIREN).2 A diagnosis of AD+CVD was based on a history or clinical
evidence of stroke (including brain imaging), judged not to be the cause of dementia,
in patients who would have otherwise met critetia for AD. VaD> was distinguished
from AD when the onset of dementia occurted within 3 months after the stroke or
when there was an abrupt change or a stepwise decline in cognitive function. A diag-
nosis of dementia with stroke “unclassified” (UNC) was made when limited infor-
mation was available, such as the absence of brain imaging, or in the absence of a
temporal relationship between dementia and stroke. All diagnoses were made with-
out knowledge of the APOE genotype.

Study population

Included wete patients with dementia and stroke. The participants from the Wash-
ington Heights study included two patients with autopsy confirmed VaD. Excluded
were patients with AD alone or dementia due to other causes. The compatison
group consisted of a random sample of individuals without dementia in the Rotter-
dam and Washington Heights studies for whom DNA was available. For every case,
approximately three controls were matched on both age (10-yeat interval) and ethnic
group. Among Hispanics, there were too few controls above age 85 years, thus all
available controls were included with adjustments made in the analysis. This resulted
in a study population of 187 patients with dementia and stroke and 507 controls.
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Ethnic group

There were no African-Americans or Hispanics in the Rotterdam study. In Wash-
ington Heights, individuals were classified as African-Amerdcan, Caucasian (both
non-Hispanic) ot Hispanic groups by standardised, direct interview with the individ-
uval or a family member.?!

Laboratory analysis

Genotypes were petrformed using a polymerase chain reaction, using methods modi-
fied from those previously described, %522

Statistical analysis

APOE allele frequencies were determined by counting alleles and calculating sample
proportions. Normally distributed, continuous data were studied using an analysis of
variance (ANOVA) model, and the chi square test was used for categorical data. The
relative risk of dementia with stroke, VaD or AD+CVD was estimated as an odds
ratio (OR) in a multiple logistic regression analysis, and presented with a 95% confi-
dence intetval (CI) using APOE3E3 as the reference. To adjust for confounding, we
added age and residency (Rotterdam ot New York), gender and education to the
model. Logistic regression analyses wete also petformed stratified by age, gender,
ethnic group and residency. The proportion of dementia with stroke among
APOE*4 cartiers that is atrributable to APOE*4 was estimated as the attributable-
tisk percent (AR%).

Results

Characteristics of the patients and controls are outlined in bk 7. The distribution of
the APOE alleles in the controls from Rotterdam did not differ from those in New
York (Rotterdam- APOE*2 0.092, APOE*3 0.769 and APOE*4 0.138 vs. NY-
APOE*2 0.081, APOE*3 0.784 and APOE*4 0.135; X2=0.4, df=2, P=0.8), nor did
the distribution of the APOE alleles differ among patients with dementia and stroke
{Rotterdam-APOE*2 0.071, APOE*3 0.709 and APOE*4 0.220 vs. NY- APOE*2
0.078, APOE*3 0.729 and APOE*4 0.193; X2=0.4, df=2, P=0.8). The distribution of
subdiagnoses of dementia and stroke did not differ by location (Rotterdam-
AD+CVD 33%, VaD 51%, UNC 16% vs. NY-AD-+CVD 41%, VaD 46%, UNC
13%; X2=1.7, df=2, P=0.4). Moreover, the APOE allele frequencies did not differ by
subtype of dementia (AD+CVI)- APOE*2 0,071, APOE*3 0.729 and APOE*4 0.2
vs, VaD)- APOE*2 0.072, APOE*3 0.722 and APOE*4 0,206; X2=0.5, df=4, P=0.9).
Therefore, we pooled the data from the two sites.
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The distribution of APOE genotypes were similar in patients with prevalent and
incident disease (X2=2.1, df=4, P=0.7), thus these groups were also combined. 'This
resulted in a stady population of 187 patients with dementia and stroke, subclassified
as follows: 2 patients (1%) with definite VaD, 16 individuals (9%) with probable
VaD, 72 subjects (39%) with possible VaD, 70 persons (37%) with AD+CVD, and
27 patients (13%) who could not be classified as either VaD or AD+CVD. The
control group consisted of 507 non-demented individuals frequency matched by 10-
year age interval and ethnic group (/abk 7). However, demented patients were still
older and less well educated than controls. There were also more women among the
patients than controls.

The distribution of the APOE genotype in patients and controls was in Hardy-
Weinberg equilibrium suggesting no selective inbreeding or survival. The frequency
of the APOE*4 allele was significantly higher in demented patients with stroke as
compared to the controls {control APOE*2=0.086, APOE*3=0.778, APOE*4=
0.136 vs. dementia with stroke APOE*2=0.075, APOE*3=0.719, APOE#*4=0.206;
X2=10.2, df=2, P=0.006). Tabk 2 shows that, compared with APOE3E3, the OR for
dementia with stroke associated with the APOE3E4 genotype was increased neatly
seven-fold (OR=6.%; 95% CI 1.6 to 29.4) while the OR associated with APOE*4

Table 1 - Description of study population

Blementia

Variables with Stroke VaD AD+CVD Controls
(ﬂ=187)* (n=90] (ﬂ=70) (ﬂ=507)
Aget 80.1 (7.6) 79.1{8.1) 80.2 (7.1) 76.8 (7.1)
Sex
men 51 (27%) 29 (32%) 16 (23%) 200 (39.8%)
women 136 {73%) 61 (68%) 54{77%) 305 (60.2%)
Residency
New York 96 {51%) 44 {49%) 40 (57%) 301 (59%)
Rotterdam 91 {49%) 46 {51%) 30 (43%) 206 {41%)
Ethnicity
Caucasian 97 (51.5%) 8 (53.0%) 34 (48.6%) 292 (57.6%)
African-American 35(19.0%) 15(17.0%)  19(27.0%) 77 (15.2%)
Hispanic 54 (29.0%) 7(300%)  16(23.0%) 138 (27.2%)
Asian 1{0.5%) 0 {0%) 1 (1.4%) 0 (0%)

Fducationt 7.2(3.6) 7.0 (4.0) 7.8 (3.4) 9.2 (3.9)

* Includes patients with “unclassified” dementia with stroke (n=27). VaD = vascular dementia.
AD+CVD = Alzheimer's disease with cerebrovascular disease,
' mean (SD} in years.
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heterozygosity was increased nearly two-fold (OR 1.8; 1.2-2.7). Adjustment for age,
ethnic group o study site did not change the ORs.

The AR% or proportion of dementia with stroke among individuals with an
APQOE*4 that is attributable to APOE*4 was 41% (95% CI 37 to 44%), in VaD the
AR% was 33% (95% CI 29% to 38%) and in AD+CVD the AR% was 44% (95%
CI 39 to 48%).

APOE*4 allele frequency and relative risk associated with at least one APOE*4
allele did not change with increasing age. The APOE*4 frequency among demented
patients with stroke was similar in women (0.210) and men (0.196). No effects of the
APOE*2 allele were observed as compared to the APOE3E3 genotype.

The relationship between APOE*4 and dementia in patients with stroke did not
vary by study site or subtype of dementia (VaD or AD-+CVD). Howevet, among
African-Americans and Hispanics the OR for dementia with stroke associated with
APOE*4 homozygosity was high (10.7; 95% CI 1.1 to 80.4), while the OR associated
with APOE*4 heterozygosity was only slightly increased (OR=1.3; 95% CI 0.7 to
2.4). Among Caucasians, the OR for dementia with stroke associated with APOE*4
homozygosity and heterozygosity were both increased (OR=3.2 and 2.2, respective-
ly), but only APOE*4 heterozygosity was statistically significant (OR=2.2; 95% CI
1.8 to 3.9} due to the small number of Caucasian homozygotes (OR=3.9; 95% CI 0.6
to 28.7).

Table 2 - The odds ratio for dementia with stroke associated with APOF genotype.*

APOE Dementia with Stroke!?  Vascular Dementia AD+CVD Controls

E3E3 =92 OR=1 n=48 OR=1 n=33 OR=1 n=302
(reference} (reference) {reference}

E2E2 n=0 OR=- n=0 OR==- n=0 OR=- n=2

E2E3 n=24 OR=1.1 n=10 OR=09 n=10 OR=13 n=68
0.7t01.9) (0.4 to 1.9} (0.6 to 3.3}

F2E4 n=4 OR=0.9 n=3 OR=1.2 n=0 OR=- n=15
(0.3 to 2.9) (0.3 to 4.5}

E3E4 n=61 OR=1.8 n=24 OR=1.3 n=26 OR=2.2 =117
(1.210 2.7) (0.8 t0 2.2} (1.2 t0 3.8)

E4E4 =6 OR=6.9 n=5 OR=10.5 n=1 OR=3.3 n=3
{1.6tc 9.4) (2.4- to 6.6) (0.4 to 34.3)

* Relative risks estimated as odds ratio with adjustment for age, gender, residency and education.
Poincludes 27 patients whe could not be classified as either vascular dementia (VaD} or
Alzheimer's disease with cerebrovascular disease (AD+CVDY) as well as patients with VaD and

ADHCVD,
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Discussion

An increased tisk of dementia with stroke, which included patients with either VabD
or AD+CVD, was found to be associated with the APOF*4 allele. The association
between APOE*4 and dementia with stroke was similar in women and men and did
not vary with increasing age. The APOE*4 allele was associated with a higher relative
tisk of dementia with stroke in both the homozygous and heterozygous configura-
tion, but among African-Americans and Hispanics the strongest effect was observed
in individuals homozygous for APOL*4, No effects of the APOE*2 allele were ap-
parent.

We pooled data from two population-based studies because prior studies had
included too few patients and controls to investigate the relationship between APOE
and dementia with stroke. The distribution of the APOE alleles and the subtypes of
dementia with stroke were similar in two studies, lessening the possibility that the
results reflect admixture of genetically distinct populations. Nevertheless, all analyses
were adjusted for residency and ethnic group. Although autopsy confirmation was
limited to two patients, the diagnostic wotk-up in both populations was relatively
complete. Mote extensive neutopathological examination will be essential to increase
the diagnostic certainty and to further clarify the association between APOE*4 and
dementia with stroke.

Previous investigators™!2 used other ctiteria than the NINDS-AIREN.2 The in-
consistency of the association in earlier studies may also have been related to the use
of hospitalized patients and controls that did not reflect the patient population it
Alternatively, some of these differences might reflect the presence of other genetic or
environmental risk factors, that modify the APOE*4 effects. APOE*2 was previ-
ously found to be associated with Val},1¢ but several studies have found no effect of
this allele, 7212

Studies of sttoke and APOE have also been inconsistent. Patients with ischaemic
stroke have been reported to have both a higher APOE*2 frequency,?* and APOE*4
frequency,® than controls, but others have found no association between the APOE
genotype and stroke.? Although the occurrence of a stroke seems untelated to the
APOE genotype, the outcome after intracerebral haemorrhage may be wosse for
individuals with an APOE*4 allele.??

Our results imply that individuals who develop dementia with stroke and those
who develop ADD may share genetic susceptibility. The apoE protein may be acti-
vated in the response to cerebral ischaemia and it may function in compensatory syn-
aptogenesis.?%2 Alternatively, the apoll protein may be involved in the pathogenesis
of VaD or AD+CVD through its effects on lipids. Compared to apoE3, apoE4 in-
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creases total cholesterol and L.LDL-cholesterol levels which could increase the risk of
atherosclerotic vascular disease; ApoE2 has the opposite effect.’0

Cetebrovascular disease and AD are common disorders and it is not sutprising
that they may ovetlap in some individuals*! Thus, dementia in patients with stroke,
as currently defined, may include a substantial number of individuals with AD. As
many as 15% to 30% of individuals with stroke and clinically diagnosed dementia
prove to have mixed diaghoses at postmortem examination which include AD and
cetebrovascular disease.?2

The APOE*4 related risk of dementia and stroke was slightly different in Cauca-
sians than in other ethnic groups paralleling our work in AD.S We previously
proposed that in African-Americans and Hispanics a modifying gene or environ-
mental factor might alter the effects of one APOE*4 allele, but fails to protect
against the consequences of two APOE*4 alleles.s

We conclude that APOE*4 is a genetic risk factor for dementia in patients with
stroke, also classified as having either Val) and AD+CVD. The degtee of association
may vary by ethnic group. To further elucidate the pathogenesis of these types of
dementia, the role of vascular risk factors and disease should be studied in relation to
the APOE genotype. Furthermore, additional genetic susceptibility or modifier loci,
as well as environmental factors should be investigated.
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4.2

Serum apolipoprotein E
and Alzheimer’s disease

Abstract

The APOE*E aflele of the apolipaprotein E gene (AAPOE) is an important risk factor for Afz-
heimer’s disease (AD). It has been suggested that levels of apolipoprotein E (apoEl) in plasma are
inereased in AD. In this population-based sindy, we found that seruni apell levels were lower in
probable AD patients conipared to non-demented controls (0.75 powolf ! (SD 0.35), versus 0.83
pmoll 1 (SD 0.40), P<0.05). This finding is in accordance with lower seruni apoLi levels as ob-
served in carriers of the APOEX aflele, who are over-represented in AD. Affer adjustment for age,
sex, fotal protein, albumin kvel, body mass index: and the APOE genotype, the difference in serum
apoEL Jevels largely disappeared. Onr popiilation-based stidy suggests that the level of apol in serurm
seews ol to contribute to the pathogenesis of AD, independent of the APOE genotype.

Introduction

Alzheimer’s disease (AD) is a progressive, neurodegenerative disorder characterized
by neurofibrillary tangles and senile plaque deposition in the brain parenchyma. The
APOE*4 allele of the apolipoptotein E gene (APOE) is a well established risk factor
for AD,! but the mechanisn of action is still incompletely understood. Up 4ill now,
the latge majority of studies focused on the APOE gene, and not on the cotre-
sponding protein (apoE). The level of apoE in plasma is only pattly determined by
the APOE genotype.? Increased plasma apoE levels have been observed in AD.3
Plasma apoF levels can not directly be compared to intracerebral levels, as these rep-
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resent two distinct pools, separated by the blood-brain-barrerd However, in AD, the
blood-brain-bartier was found to be impaired, which may allow some plasma protein
to penetrate the brain parenchyma’ If confirmed, the finding that apoFE level is in-
creased in plasma of AD patients is of interest, as plasma apoE level is related to vas-
cular discases,%” and there is growing evidence that vascular factors play a role in the
etiology of AD.# The aim of this population-based investigation is to further smdy
the role of serum apoE level in AD.

Methods

Study population

This investigation is based on the Rotterdam Study, a population-based cohort study
of subjects aged 55 years and over, including institutionalized persons.? Dementia
was diagnosed as described previously.© Briefly, of the 10275 eligible subjects, 7983
participated in the study, and cognitive function was assessed in 7528 (73%). Screen
positive persons were further evaluated using an interview with a close refative, neu-
ropsychological tests, neurological examination and neuro-imaging. A panel of physi-
cians, a neurologist and a neuropsychologist, dingnosed dementia in 474 persons
based on the DSM-III-R definition.!! AD was diagnosed according to the NINCIDS-
ADRDA criteria!? in 72% of the dementia cases. The present study was restricted to
probable AD patients with onset less than 3 years before examination for this study,
it order to limit any selective survival 813 The control group consisted of a random
sample of participants without dementia. Blood samples were drawn by venipuncture
from non-fasting subjects. In 129 probable AD patients and 890 controls the APOE
genotype and serum apoE levels were determined on coded samples without know-
ledge of the diagnosis, using standard methods.214 For the analysis of serum total
protein and albumin level, a calotimetric method was used (Hitachi 747 Béhringet).

Statistical analysis

Differences in serum apoE level were studied using a. multiple linear regression
model, with adjustments for age and sex. To examine whether known determinants
of serum apoE such as total protein, albumin level and body mass index, could ex-
plain an association between serum apoE level and probable AD, we included these
vatiables in the regression model. To study the association between serum apol? and
probable AD, independent of the APOE genotype, we fucther added the APOE
genotypes to the model. The chi-square test was used to compare categorical data,
and the two sample t test to study normally distributed, continuous variables,
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Results

Descriptive statistics of the study population are presented in febk 1. Probable AD
patients were significantly older and included a higher propottion of females than the
controls. In addition, probable AD cases had lower serum albumin levels, and a
lower body mass index than the controls. Serum apoL levels wete statistically signifi-
cantly lower in patients with probable AD than in the non-demented controls.

Table 2 shows the relationship between serum apoE levels and the APOE geno-
type for probable AD patients and cognitively notmnal individuals. The distribution of
the APOE genotype in both groups was in Hardy-Weinbetg equilibrivm. In both
cases and controls, the APOE*2 allele was associated with higher, and the APOLE*4
allele with lower serum apoR levels. For each genotype, serum apoE level was lower
in probable AD cases than in the controls, although this was not statistically signifi-
cant. The exception is the APOE2E2 stratum, but this contained only one patient,

As shown in /able 3, seram apoE levels wete statistically significantly lower in
probable AD patients after adjustments were made for age and sex. As body mass
index, protein and albumin level was related to both probable AD as well as serum
apoE level (latter data not shown), we examined whether these variables could ex-
plain the association between serum apol level and probable AD. When we adjusted
for these variables, the difference in serum apolf level between cases and controls
slightly decreased, and was borderline statistically significant (P=0.06). As discussed
above, serum apoF, levels are lower in APOE*4 cartiers, who are over-represented in
AD.! To test whether an association between serum apok level and probable AD
may be explained by the different distribution of the genotype, the APOE genotypes
wete entered into the model. This resulted in a further decrease of the difference in
serum apoll levels between cases and controls.

Table 1 ~ Characteristics of the study population.*

Alzheimer’s disease Controls

n=129 n=890

Age (years) 84.1 {6.5) 68.2 (7.2)
Females 73% (94) 59% (526)
Serum protein (g/l) 70.4 (5.6) 70.5 (5.8)
Serum afbumin {g/1) ' 40.8 (2.8) 44,0 (2.7)
Body mass index (kg/m?) 25.3 {3.8) 26.6 (3.8}
Serum apot (pmol/l) 0.75 {0.35) 0.83 (0.40)

* Values are unadjusted means {SD) or percentages {numbers) based on all available data,

59



Chapter 4.2

Discussion

Up until now, plasma apoll in AD has been examined in one study only, by Taddet
et al,, who reported increased levels.? However, it should be noted that this study was
small, and may have been subject to selection bias. As the cases were referred to a
geriatrician, and the controls were spouses or voluntees, it is mote likely that the
cases suffered additional disorders than the controls. For example, stroke and myo-
cardial infarction are frequent conditions in a geriattic clinic, which are related to se-

Table 2 - Serum apoE level in demented and controls, according to APOE genotypes.”

APOE Genotype Alzhelr:f; ggdxsease Crinstggs
E2E2 2.27 () 1.76 (0.67)
n=1 n=7
E2E3 1.08 (0.41) 1.17 {0.48)
n=16 n=130
E2E4 0.98 (0.31) 1.11 (0.44)
n=3 n=18
E3E3 0.72 (0.29) 0.81 (0.34)
n=69 n=498
E3E4 0.60 (0.18) 0.64 (0.26}
n=33 n=221
E4E4 0.39 (0.23) .43 (0.13)
n=7 n=16

* Values are mean serum apoF levels (SD) {pmol/l), adjusted for age, sex, body mass index,

total protein and albumin level, with numbers.

Table 3 - Difference in serum apoE level between Alzheimer's patients and controls.”

Covai Alzheimer’s disease Controls
ovariates n=129 n=890
Age, sex -0.1% {-0.21 to -0.02) 0 {reference)
Age, sex, protein, albumin, bmit -0.09 {-0.19 to 0.00} 0 (reference)
Age, sex, protein, albumin, bmi, APOET# -0.05 (-0.14 to 0.04) 0 (reference)

* Values are mean differences (95% confidence interval) in serum apoF level (umol/l).
P bmi indicates body mass index
b APOF denotes the apolipoprotein E genotype.
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rum apok, levels.57 Fusther, in the study by Taddei et al. no adjustments were made
for factots that could confound the proposed association, including body mass in-
dex, total protein and albumin level3 As these factors may be related to both serum
apoE level and AD, they might obscure an association of apol. level with AD,

We found a close relationship between APOE genotype and serum level, con-
firming previous reports.?2 Therefore, it seems unlikely that the small difference in
serum apoE level between cases and controls, is the result of measurement error in
the laboratory tests. Unfortunately, we did not have autopsy confirmation of the di-
agnoses. Therefore, we can not rule out that we misclassified the dementia subtype in
some instances. However, with clinical examination alone, approximately 90% of AD
cases can be diagnosed cotrectly.’ The restriction to patients with recent onset, lim-
ited the possibility of selective mottality.” A strength of our study is that it is popu-
lation-based with a high response rate, which minimized the possibility of selective
* inclusion.

We found that probable AD> patients had non-significantly lower serum apoE
levels than the controls, when we adjusted for age, sex, body mass index, total pro-
tein and albumin level. Although apoE levels in serum and in the brain can not di-
rectly be compated, as these represent two separated pools* it is interesting that
apoE levels wete found to be reduced in the hippocampus and cerebrospinal fluid of
AD patients.}s!” By contrast, APOE*4 allele expression was found to be increased in
the AD brain.’® It is however unclear whether this is cause ot consequence, More
research is required to determine the role of intracerebral apoE levels in the etiology
of AD. This study suggests that in serum the difference in apoE level between prob-
able AD cases and non-demented controls results largely from differences in the
distribution of the APOE, genotype. Therefore, the level of apoE in serun seems not
to contribute to the pathogencsis of AD, independent of the APOE genotype.
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4.3

Apolipoprotein E genotype
and progression of Alzheimer’s disease

Abstract

The APOEX{ allele of the apolipoprotein i gene increases the risk of Alheimer’s disease (AD),
butt it Is controversial whether it also affects the disease conrse. However, afl studies on 1his issie np
until wow are based on patienis who may have been inclided at different stages of disease. In this
population-based study, 97 patients were inclided ai a siviilar stage, L.e. before the onset of symp-
toms, and followed for up to 5 years. We found that the APOE*{ allele was not a strong defersmi-
nant of survival in AD. As change in cogritive function and severity of denentia were sigilar for
AD patients with and withont APOEX, our study suggests that the progression of AD is nos
retated to the APOE* allke.

Introduction

Catriers of the APOE*4 allele of the apolipoprotein E gene (APOE) have an in-
creased risk of Alzheimer’s disease (ADD).?3 The risk of AD is elevated, and the mean
age of symptom onset reduced, as the number of APOE*4 alleles increases.>” These
observations may suggest that APOE*4 accelerates the neurodegenetative process
underlying AD. However, findings on APOE and progression ot mottality in AD
have been very inconsistent.*'? Several groups reported that APOE*4 cartying AD
patients have even a slower rate of detedoration,%'! and an incteased survival com-
pared to patients without APOE*4.%!1 In addition, a decteased survival was sug-
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gested for eatly onset AD patients who carty the APOE*2 allele.’2 Others found that
APOE does not affect course,t10 ot mortality in AD.5 A problem in the interpreta-
tion of these findings is that patient characteristics varied considerably actoss studies.
As all investigations up until now are based on prevalent patients, enrolment may
have been at different stages of disease. The aim of this investigation was to study
whether APOLE*4 affects the rate of decline ot survival in AD. All patients entered
this population-based study at the same stage, i.e. before the onset of symptoms,

Methods

Study population

This investigation forms patt of the Rotterdam Study, a population-based cohort
study among petsons aged 55 years or over, described in detail elsewhere.' The
Rotterdam Study was approved by the Medical Ethics Committee of Erasmus Uni-
versity. Participants were recruited from 10275 eligible residents of a suburb of Rot-
terdam, including mstitutionalised persons. A total of 7983 participants (response
rate 78%) were examined at baseline. Of these, 7528 petsons (94%) were cognitively
tested, of whom 474 were diagnosed as demented and excluded from the present
study. At follow-up, after an average of 2.1 years (SD 0.9 years), 6315 petsons (79%)
wete re-exatnined.

The analyses presented here ate restricted to AD patients who wete non-de-
mented at baseline, of whom blood was available for APOE typing, Of these 97 in-
cident AD patients, 9 had died before the follow-up examination. Furthermore, 2
refused to participate and 1 was inaccessible. ‘Thus, 85 AD patients were examined at
least twice. Follow-up on mottality was complete for all 97 patients.

Diagnosis

For the assessment of dementia, we used the same protocol at baseline and at follow-
up.!516 Briefly, all subjects were screened on cognitive functioning, Screen positives
underwent further neuropsychological testing, and an informant was interviewed on
daily functioning of the participant. Persons who were suspected of dementia were
examined by a neurologist, underwent neuropsychological testing, and, if possible,
had a Magnetic Resonance Imaging brain scan made.1%% Of subjects who could not
be re-examined in person, information was obtained from general practitioners and
the regional institate for outpatient mental health care (RIAGG), which covers the
entire study population. Examinations by the RIAGG include (informant) inter-
views, ncurological and neuropsychological testing, blood biochemistry and syphilis
serology. The diagnosis of AD was made by a panel of study physicians, a neurolo-
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gist and a neuropsychologist, which reviewed all existing information and used ctite-
ria of the National Institute of Neurological and Comunicative Disorders and
Sttoke and Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA).Y7 The age at symptom onset was taken to be the midpoint between base-
line age and the age at diagnosis.

Follow-up procedures

Cognitive function was evaluated with the Dutch version of the Mini Mental State
Examination (MMSE; maximum best score: 30 points).’® The stage of AD was as-
sessed with the clinical dementia rating scale (CDR).?? At the first and second wave
of the Rotterdam study, the MMSE was administered by specially trained research
assistants. As part of the diagnostic evaluation, a CDR scote was denoted by a neu-
rologist or a study physician, All participants who were djéguosed as having AD after
baseline were invited for additional follow-up examinations, at intervals of approxi-
mately 15 months. These included a neurological examination, cognitive testing, and
an interview with the caregiver. The two additional follow-up examinations were pet-
formed by a neurologist or a resident in neurology, using a standardised protocol. All
measurements were carried out without knowledge of the APOE penotype.

Data on morttality for the present study were available untl April 1996 (mean
dutation 4.3 years (SD 1.1)). Information on the vital status of all participants was
obtained at regular intervals from the municipal health authortes.

Apolipoprotein E genotyping

The APOE genotype was determined on coded DNA samples, as described in detail
elsewhere? Those who performed the genotyping were blinded to the patticipants’
test scores. Briefly, a polymerase chain reaction was conducted, and the amplification
products were digested with Hial. The resulting restriction fragments were separated
using precast ExcelGel gels (Phatinacia Biotech, Uppsala, Sweden) and visualised by
silver staining, The results were read by three persons independently. In case of dis-
crepancies, APOE genotyping was tepeated.

Statistical analysis

Patients wete assigned to one of two groups, those with and without an APOE*4
aele. Persons with the APOE2E3 and those with APOE3E3 were combined, as
well as homozygotes and heterozygotes for APOL*4 because of limited statistical
power for separate analyses. Simple comparisons were done with t tests and X2 tests
as appropriate.
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Mottality in AD patients with and without at least one APOE¥4 allele, was com-
pared by Kaplan-Meier survival curves using the log rank statistic. To overcome pos-
sible confounding, we used Cox proportional hazard analyses. Baseline age, sex, and
education level were futther predictors, and the number of months from symptom
onset was the time variable.

To evaluate the change in MMSE and CDR scores, a general linear mixed model
was used,? with random intercept and random regression coefficient for the dura-
tion of follow-up. For practical reasons, the CDR staging was coded as: 0 (no de-
mentia), 1 {questionable), 2 (mild), 3 (moderate), 4 (severe), 5 (profound) and 6
{terminal), and reported as the modified CDR (mCDR). By introducing the interac-
tion term between duration of follow-up and cartiership of APOE*4, it was assessed
whether the average change in mCDR or MMSE scote differed between carriers and
non-carrers of APOE*4. In case of mCDR, robust standard errors were employed
as this score is not normally distributed. 'The MMSE score however appeared to be
normally distributed in this population of AD patients. In all analyses, adjustments
wete made for age, sex, and education Jevel.

Results

The distribution of the APOE genotype in our study population was: APOE2E?:
6% (n=6), APOF2E4: 2% (n=2), APOE3E3: 57% (n=55), APOE3R4: 32% (n=31)
and APOL4E4: 3% (n=3). The APOE genotype distribution was in Hardy-
Weinberg equilibrium (X2=0.6; df=3: P>0.2), which indicates that there was no
selective survival associated with APOYE. Some characterstics of the study popu-
lation are shown in fablk 1. Carriers of APOE*4 were younger, included a lower pro-

Table 1 - Baseline characteristics of the study population*

APOE*4- APOE*4+
n=61 n=36

Baseline age 82.5 (7.0} 80.0 (6.9)
Age at onset 83.8 (7.0) 813 (6.9)
Women 82% {50} 75% {27)
Men 18% {11) 25% (9)
Primary education only 63% (35} 34% (11}
Secondary education or more 38% (21) 67% (21}

* Values are means (SD) or proportions (numbers); data on education level were missing in 9
patients.
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portion of women, and had less often primary education only, but none of these dif-
ferences were statistically significant.

Among APOE*4 carriers, 17 patients (47%) had died, among non-APOE*4 car-
riers 28 subjects (46%). The figme shows that overall survival was the same in
APOE*4 carrdders and patients without this allele. Specifically, the median sutvival in
APOL*4 carrdets was 3.3 years (95% confidence intetval (CI) 2.9 to 3.8) after symp-
tom onset. Patients without the APOE*4 allele had a median survival of 3.4 years
(95% CI 2.9 to 3.9) after onset of symptoms (log rank=0.01; df=1; P=0.93). As
APOE*4 carriers wete on avetage younget, and the survival after onset was similar,
the mortality rate in cartiers of the APOE*4 allele was higher when we adjusted for
age, sex and education level (relative risk 1.5; 95% CI 0.8 to 2.8).

As shown in tabe 2, MMSE as well as mCDR scores were similar for cartiers and
non-cattiers of APOE*4. The annual rate of decline in MMSE score was also equal
for patients with and without APOE*4 (diffetence=-0.1; SE=0.6; P=0.88). Further-
more, the annual increase in mCDR score was similar in both groups (dif-
ference=0.0; SE=0.4; P=0.98).
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Figure - Survival curves for Alzheimer patients with (—) and without (- - -) APOE*4 from
onset of symptoms.
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Discussion

In summary, our study suggests that the rate of decline in AD is not related to the
presence or absence of the APOE#*4 allele. Furthermore, APOE*4 seems not to be a
strong determinant of sutvival once AD has started.

This is the first stady on APOE and the course and survival in AD, in which pa-
tients were enrolled before symptom onset. Of concern is the level of education,
which is an important determinant of the rate of AD progression? Persons with
higher ptemorbid intelligence may be at a biologically more advanced stage of the
neurodegenerative process at symptom onset, and their discase may therefore prog-
ress mote rapidly.32! The Rotterdam study population is however rather homogene-
ous with respect to education level’> therefore, all patients were presumably at a
biologically similar stage at enrolment. Besides, adjustments were made for differ-
ences in education level. An advantage of this study is the population-based setting,
which limited selection bias. In these settigs, the implementation of autopsy con-
firmation of the AD diagnosis may be difficult, and this is obviously a limitation of
the present study. However, clinical examinations wete extensive, and the diagnosis
may be expected to be correct in approximately 90% of AD cases with clinical ex-
aminations alone.2 We used well recognised measures to estimate the rate of disease
progression: the MMSLE score for cognitive function, the CDR scale for the stage of
dementia, and vital status. With up to 5 follow-up years, this is one of the studies
with longest duration, reported so far.

Table 2 - MMSE and mCDR scores for Alzheimer patients with and without APOE*4*

Follow-up! APOE*4- APOE*4+
number  MMSE mCDR number MMSE mCDR
1 0 n=61 26,0 0.0 n=36 26.0 a.0
(22028.0) (0.00.0) (22028.1) (0000}
2 31 n=57 200 2.0 n=28 200 2.0
{14.0-24.2) (1.0-2.2) (15.8-25.1} (1.0-3.0)
3 46 n=47 14.0 2.0 n=25 16.0 2.0
(4.0-21.0)  (1.04.0) (4.0-23.0) {1.0-4.0)
4 63 n=33 12.0 3.0 n=15 10.0 3.0
(1.4-20.0) (2.0-5.0) {2.2-20.8) (1.6-5.0)

* MMSE means mini-mental state examination; mCDR denotes modified Clinical Dementia
Rating scale, coded as: 0 {no dementia), 1 (questionable), 2 (mild), 3 (moderate), 4 {severe), 5
{profound) and 6 (terminal); values are medians with 10th and 90th percentile.

T Visit and mean number of follow-up months.
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Inconsistent findings have emetged from studies on APOE and the course of
AD.*12 However, all these investigations included patients in various stages of dis-
ease, 12 hampering comparisons of the rate of decline.’* Furthermore, several studies
included patients who were refetred to specialised centres,* 21! and may have been
subject to referral bias. Important aspects regarding referral are firstly that APOE*4
was found to be related to the symptomatology of AD22 and secondly that
APOE*4 carriers more often have a positive family history of dementia. ‘Therefore,
APOE*4 carriers may, on avetage, be teferred to a memory clinic at an earlier stage
of disease. This could explain why in some studies APOE*4 carrying AD patients
had a less aggressive disease course, %! as decline in AD may be slower in the eatlier
stages as compared to later stages. >

Harlier, we reported an increased mortality among APOE*2 carrying AD patients
with an ecatly onset.?2 In the present study, we found that APOE*2 carriers and pa-
tlents with APOE3E3 had similar survival, and we did not observe differences across
age strata. As none of the participants of this study had an onset befote 65 years, we
could not study whether APOE*2 has diffetential effects in eatly- versus late onset
AD. ,
Overall, the presence of APOE*4 was not telated to survival once AD had
started. However, when adjustments were made for age, sex and education level,
mottality was non-significantly increased in APOE¥*4 carriets relative to patients
without this allele, This finding may be explained by the relationship of APOE*4
with cardiac co-motbidity,® as death in ADD patients not necessarily reflects an end-
stage of dementia,

The observation that APOE*4 increases the risk of AD, while it seems unrelated
to its progression, suggests that the processes that initiate AD differ from those that
determine its progression. APOE*4 might trigger a cascade of neurodegenerative
processes, that subsequently continue independently of the APOE genotype. If this
were true, it may imply that agents that could block the harmful effects of the apo-
lipoprotein E4 isoform, or resemble the beneficial effects of apolipoprotein E2 or
E3, may not retatd farther decline once AD has started.

In conclusion, our population-based study suggests that APOE*4 is not related
to progression of AD. APOE*4 appears to increase the risk of AD, and to reduce
the age at sympfom onset.’”” However, once the disease has statted, the rate of de-
cline seems not to be influenced by APOE*4,

References

1. Strttmatter W], Saunders AM, Schimechet D, et al. Apolipoprotein F: high-avidity binding
to B-amyloid and increased frequency of type 4 allele in Iate-onset familial Alzheimer disease.

69



10.

1.

13.

4.

16.

17.

18.

19.

20.

70

Chapler 4.3

Proc Natl Acad Sci USA 1993;90:1977-81.

Farrer LA, Cupples LA, Haines JL, et al. Effects of age, sex, and ethnicity on the association
between apolipoprotein R genotype and Alzheimer’s disease. A meta-analysis. JAMA 1997,
278:1349-56.

Slooter AJC, Cruts M, Kalmijn S, et al. Risk estimates of dementia by apolipoprotein E
genotypes from a population-based incidence study: the Rotterdam Study. Arch Neurol
1998;55:964-8.

Frisoni GB, Govoni 5, Geroldi C, et al. Gene dose of the g4 allele of apolipoprotein E and
disease progression in sporadic late-onset Alzhetmer’s disease. Ann Newrol 1995;37:596-604,
Gomez-Isla T, West HL, Rebeck GW, et al. Clinical and pathologicat correlates of apolipo-
protein F g4 in Alzheimer’s disease. Ann Neurol 1996;39:62-70.

Basun H, Grut M, Winblad B, et al. Apolipoprotein &4 allele and disease progression in pa-
tients with late-onset Alzheimer’s disease. Neurosci Lett 1995;183:32-4.

Corder BEH, Saunders AM, Strittmatter W], et al. Apolipoprotein E, survival in Alzheimer’s
disease patients, and the competing risks of death and Alzheimer’s disease. Neurology 1995;
45:{323-8.

Dal Forno G, Rasmusson X, Brandt J, et al. Apolipoprotein E genotype and rate of decline
in probable Alzheimer’s disease. Arch Neurol 1996;53:345-50.

Kurz A, Egensperger R, Haupt M, et al. Apolipoprotein E €4 allele, cognitive decline, and
deterioration of everyday performance in Alzheimer’s disease. Neurology 1996;47:440-3.
Growdon JH, Locascio JJ, Corkin S, et al. Apolipoprotein E genotype does not influence
rates of cognitive decline in Alzheimer's discase. Neurology 1996;47:444-8,

Stern Y, Brandt J, Albert M, et al. The absence of an apolipoprotein €4 allele is associated
with a more aggressive form of Alzheimer’s disease. Ann Neurol 1997;41:615-20.

. Van Duijn CM, De Kaijff P, Wehnert A, et al. The apolipoprotein B €2 allele is associated

with an increased risk of early-onset Alzheimer’s disease and a reduced survival. Ann Neurol
1995; 37:605-10.

Plassman BL, Breitner JCS. Apolipoprotein E and cognitive decline in Alzheimer’s disease.
Neurology [996;47:317-20.

Hofman A, Grobbee DE, De Jong PTVM, et al. Determinants of disease and disability in
the elderly. The Rotterdam Elderly Study. Eur J Epideriol 1991;7:403-22.

. Ott A, Breteler MMB, Van Harskamp F, et al. Prevalence of Alzheimer’s disease and vascu-

lar dementia; association with education: the Rotterdam study. BM] 1995;310:970-3.

Ott A, Breteler MMB, Van Harskamp F, et al. The incidence and risk of dementia. The
Rotterdam Study. Am ] Epidemiol 1998;147:574-80.

McKhann G, Drachman D, Folstein M, et al. Clinical diagnosis of Alzheimer’s disease: Re-
port of the NINCDS-ADRDA Work Group under the auspices of Department of Health
and Human Services Task Force on Alzheimer’s Discase. Neurology 1984;34:939-44.
Folstein MS, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading
the cognitive state of patients for the clinician. ] Psychiatr Res 1975;12:189-98.

Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new clinical scale for the stag-
ing of dementia. Br | Psychiatey 1982;140:566-72.

Latrd NM, Ware JH. Random-effects models for longitudinal data. Biometrics 1982;38:963-
74.



21.

22,

23.

24,

25.

26.

APOE genotype and progression of Algheiner’s disease

Stern Y, Tang M-X, Denaro ], Mayeux R. Increased risk of mortality in Alzheimer’s disease
patients with more advanced educational and occupational attainment. Ann Neurol 1995;
37:590-5.

Galasko D, Hansen LA, Katzman R, et al. Clinical-neuropathological correlations in Alz-
heimer’s disease and related dementias. Arch Neurol 1994;51:888-95.

Ramachandran G, Marder K, Tang M, et al. A preliminary study of apolipoprotein E geno-
type and psychiateic manifestations of Alzheimer’s disease. Neurology 1996;47:256-9.
Lehtovirta M, Soininen H, Helisalmi S, et al. Clinical and neuropsychological characteristics
in familial and sporadic Alzheimer’s disease. Relation to apolipoprotein E polymorphism.
Neurology 1996;46:413-9.

Bronzova |, Van Duijn CM, Havekes LM, et al. Apolipoprotein E genotype and concomi-
tant clinical features in early-onset Alzheimer’s disease. ] Neurol 1996;243:465-8,

Van der Cammen TJM, Verschoor CJ, Van Loon CPM, et al. Risk of left ventricular dys-
function in patients with probable Alzheimer's disease with APOE*4 allele. J Am Geriatr
Soec 1998. In press.

71






5

APOLIPOPROTEIN K
AND ATHEROSCI.EROSIS






5.1
Apolipoprotein E and atherosclerosis

Introduction

Lipoproteins and apolipoproteins

Extraction of plasma lipids yields triacylglycerols (triglycerides), phospholipids, cho-
lesterol and cholesteryl esters as well as a small fraction of free fatty acids. The trans-
port of these hydrophobic lipids in aqueous plasma is made possible by associating
the more insoluble lipids (triglycerides and cholesteryl esters) with more polar ones
{phospholipids and cholesterol), and then combining them with protein to form a
hydrophilic lipoprotein. Several groups of lipoproteins have been identified. These
ate chylomicrons, very low density lipoptoteins (VLDL), low density lipoproteins
(L.DL), and high density lipoptoteins (HDL). Besides, thete are two other lipoprotein
classes: chylomicron remnants and VL.DL-remnants or intermediate density lipo-
proteins (IDL). The density of lipoproteins incteases as the protein content rises and
the lipid content falls. Triglycerides are the predominant lipids in chylomicrons and
VLDL, whereas cholesterol and phospholipid are the predominant lipids in LDL and
HDL, tespectively. The protein part of lipoproteins is known as apolipoproteins or
apoproteins, constituting neatly 60% of some HDL and as little as 1% of chylomi-
crons. Foutteen distinct apolipoproteins have been identified, each associated with a
specific class of lipoproteins. Apolipoprotein E (apoE) is found in chylomicrons and
its remmnants, in VLDL and in HDI.!

Apolipoprotein E

ApokE is a single polypeptide with a molecular weight of 34200 D. After post-trans-
lational cleavage, it has 299 amino acids. There are three common isoforms: apoE2,
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apoE3 and apoE4, which differ in one or two amino acids. The most common form,
apoBE3, contains a cysteine residue at position 112 and an arginine residue at position
158. ApoE2 has cysteine at both positions, and apoli4 has there arginine. The bio-
synthesis of apoE is under control of a single genetic locus on region qi2-qi3.2 of
chromosome 19. The apoE2, apoE3 and apoL4 isofortns are coded by three
codominant alleles: APOE*2, APOE*3 and APOE*4, respectively. The allele fre-
quencies in Caucasians are 0.08, 0.77 and 0.15 respectively. In Japanese and Chinese
the APOE*4 frequency is lower, in Africans and Finns higher.2? Besides, more than
20 other apoLl isoforms have been identified, with allele frequencies below 0.001.
The liver is the major site of apoE production, but apoE is also synthesised in the
brain. These pools are strictly separated as circulating apoE can not pass the blood-
brain-batrier.% ApoE plays a role in tissue regeneration, immunoregulation, cell dif-
ferentiation and growth.6 Interestingly, in persons who can not synthesise apoE, neu-
rologic, endocrine, and immune functions ate hotmal; the only appatent abnormality
is the metabolism of lipoproteins.”

Metabolism of lipoproteins

Dietaty triglycerides and cholesterol ate packed in the intestinal mucosal cells to-
gether with several apolipoproteins into chylomicrons. After entry in the circulation,
the apolipoptotein composition of these patticles changes, partly because of acquisi-
tion of apoE. Duting subsequent lipolysis the chylomicrons become smaller, and the
remnants are cleared from the circulation by the LDL receptor related protein (LRP).
ApoL serves as a high affinity lipand for this receptor.

VLDL cartes triglycetides from the liver to the extrahepatic tissues. Newly se-
cteted VLDL contains several apolipoproteins, but little apoE. The apoE content in
VLDL increases after release in the circuladon. VLDL is cleared from the blood-
strearn by LRP or the LDL-receptor, using apoE as a high avinity ligand. The rem-
nant patticles (IDL) are further hydrolysed and converted into LDL, thereby loosing
apolipoptoteins. The resulting LDL patticles contain 60-70% of total plasma cho-
lesterol, which are cleated from the circulation by the liver and by cells from the re-
ticulo-endothelial system, such as macrophages in the subendothelial space.

HDL, another lipoprotein that contains apok, is the major lipoprotein involved
in the transport of cholesterol from the peripheral tssues to the liver. Esterifted
cholesterol can be transferred from HDL to chylomicrons, VLDL, and LDL. Other
HDL particles are removed from the circulation, using apoE as a ligand for receptor
binding,
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Atherosclerosis

The transport of lipoproteins into the artery wall is the first stage of an atheroscle-
rotic lesion. This transport is a concentration-dependent process that does not re-
quite receptor-mediated endocytosis.3? Lipoproteins that have been trapped in the
subendothelial space are oxidised. Mildly oxidised LDL induces monocyte adher-
ence, migration and conversion into macrophages. It further stimulates apoE sectre-
tion by macrophages. Oxidised lipoproteins accumulate with cholesterol in these
macrophages to form foam cells, the hallmark of the fatty streak.!® HDL on the
other hand, protects against oxidation of LDL. Foam cells secrete products that also
promote the further progression of the atherosclerotic plagque.® When LDL be-
comes highly oxidised, it gets toxic to macrophages,!* which may contribute to the
fortnation of the necrotic cote found in the second stage of an atherosclerotic lesion,
the fibrous plaque. This is a central acellular area of lipid from necrotic foam cells,
covered by a fibrous cap containing smooth muscle cells and collagen. The growing
lesion then encroaches the arterial lumen, by the migration of new mononuclear
cells, the proliferation of macrophages and smooth muscle cells, the production of
an extracellular matrix and the accumulation of lipid in the necrotic core.’ The final
stage is a complex lesion, with thrombus formation by deposition of fibrin and
platelets. Mildly oxidised LIDL further contributes to arteral occlusion by stimulating
the release of coagulant agents, and by inhibiting reactive vasodilatation. The plaque
is thought to weaken as a result of cell death and the secretion of proteases from
foam cells.12 Besides, the atherosclerotic lesion is subject to calcification. A weakened
plaque over an area of calcification predisposes to plaque rupture, because of differ-
ent physical properties which are subjected to the pulses of arterial blood pressure.

Apolipoprotein E, lipids and atherosclerosis

Lipid levels

The APOE polymorphism partly determines the level of plasma cholesterol, and this
effect further depends on diet and gender.® There seems not to be a consistent rela-
tionship between the APOE genotype and triglycerides or HDL cholesterol levels.?
APOE*2 catriers have lower levels of total cholesterol, LDL-cholesterol and apo-
lipoprotein B, and higher levels of apoE.1+16 APOE*4 carriers show the opposite in
most populations studied.!'% The “cholesterol-lowering” effect of APOE*2 is two
or three times the ‘cholesterol-raising’ effect of the APOE*4 allele, depending on the
population studied.? The APOE*2 allele can however not be regarded as entirely
benign, as it is also associated with type 111 hyperlipoproteinemia,
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Lipid metabolism

APOE*{ cartiers have a more efficient catabolism of chylomicron remmnants and
IDL, compated to petsons with other APOE genotypes.? Therefore, the rate of con-
version of VLDL remnants to LDL is higher, resulting in a downtegulation of he-
patic LDL, receptors. These APOE*4-mediated alterations lead to lower concentra-
tions of cholesterol-containing remnant particles, and higher levels of cholesterol-
rich LDL patticles. The net alteration is an increase in total cholesterol concentration.
The apoE isoforms also differ in their preference to various lipoprotein classes,
which may lead to diffetent clearance rates.2

ApoE is also produced by mactophages in atherosclerotic lesions.!? Loading of
macrophages with cholesterol stimulates apoE synthesis and secretion, which regu-
lates the storage and efflux of cholesterol!” ApoE secretion by macrophages may
further inhibit the aggrepability of platelets and modulate lymphocyte function. In
addition, apoE interacts with the extracellular matrix, thereby influencing the reten-
tion of lipoproteins. 18

Atherosclerosis and vascular disease

Among healthy young adults who died of external causes, APOE*4 carriers had
more atherosclerotic lesions at autopsy than those without this allele.! In patients
with diabetes mellitus, APOE#*2 tended to protect from macro- and microangiopa-
thy, while APOI*4 had a predisposing effect.?

Conflicting tesults have emerged on the association between APOE and coronary
heart disease (CHD).2- In a meta-analysis on the tisk of CHD, it was found that
APQOE*4 carriers had a 1.3 fold increased dsk, and APOE*2 cartiers have a similar
risk, as compared to homozygotes for APOE*3.25 However, most of these studies
were ctoss-sectional and may be subject to bias. In prospective studies, an increased
risk of fatal CHD,%27 as well as a similar risk of all CHD? have been reported for
carriers of APOE*4,

It is not yet clear whether there is an association between the APOE genotypes
and cerebrovascular disease. In cross-sectional studies, no relationship was found
between APOE and stroke, 231 as well as an increased risk for APOE#*2 cartiers
and an elevated risk for catriers of APOE*4.3 In follow-up studies on APOE and
stroke no association was obsetved in two studies, 23 but others reported a de-
creased risk for APOE*2 cartiets younger than 80 yeats.3

Atherosclerosis of the carotid arteries, as estimated by ultrasonography, was
found to be weakly associated with the APOE*2 allele. 3 However, this study may
have been subject to bias, as any participant with clinical evidence of atherosclerosis
had been excluded.3¢ Another investigation repotted the opposite association be-
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tweenn the APOE genotype and carotid attery atherosclerosis.’” In this study,
APOE*2 cartiers had less carotid artery intima-media thickness than APOE*3 ho-
mozygotes. APOE*4 cartiers had the thickest carotid artery intima-media.37

Transgenic mice

ApolZ deficient mice have delayed clearance of lipoproteins, exhibit very severe hy-
percholesterolemia and develop atherosclerotic lesions that resemble those in bu-
mans, especially when fed a bigh-fat diet?® In apoE deficient mice there was a
normalisation of plasma lipid levels, and regression of atherosclerotic lesions after
inttoducing apoEl expression. ¥4 Local production of apoE by macrophages was
found to diminish atherosclerosis, independent of its cholesterol lowering effect.

ApoE levels in human atherosclerosis

Findings on apoE levels in humans with atherosclerotic disease are not straightfor-
ward. ApoL concentrations were found to be higher, ¥4 or no different!t in CHD
patients as compared to control subjects. In persons with a previous stroke, apoE
levels were found to be lower compared to a control group free of cerebrovascular
disease.’? A problem with the latter study is that the APOE genotype distribution in
controls was very unusual.

Conclusion

Apoli plays an important role in lipid metabolism. The association between the
APOE genotype and atherosclerotic disease is not yet clear, and the mechanism of
action of this putative relationship is incompletely understood. Further studies are
needed to clarify the role of serum apoFE levels in the association between the APOE
genotype and the development of atherosclerotic lesions.
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Apolipoprotein E and
atherosclerosis

The Rotterdam Study

Abstract

The apolipoprotein EE (APOE) polymorphism fully defines the apoll isoformws, and partly deter-
minies the level of apoEs in serviwr. Findings on the APOE genotype, servim apoE level and athero-
sclerosis have been inconsistent. A popilation-based cross-sectional study was performed on 934
subjects to investigale the association between the APOL genotype, sernm apoE levels and atheroscle-
rosis, Atherosclerosis was non-invasively assessed by the presence of plagues in the common carotid
arteries (CCASs), calcifications of the abdominal avrta, the CCA intima-predia wall thicksess, and
the ankle to arm blood pressure index. Associations were adjusted for age and sex. Carréers of the
APOE*2 aflele bad a lower prevatence of CCA plagues, a non-significantly decreased prevafence of
aorta calcifications, a thinmer CCA intima-media and a non-significantly higher ankle-arm index;
relative to the APOE3E3Z gronp. Overall, the APOEXL allele was not associated with the athero-
sclerosis indicators, althongh the APOEAEA genotype was weakly related fo atherosclerosis in the
abdoiinal aorta and peripheral arteries. Adjusting for serum apoE, total or high density lipoprotein
(HDL) cholesterol levels did not essentially alter these findings. Sernwr apoE levels were ot related
to atherosclerosis in the commion carolid arteries, but increasing sermm apoES fevels were related 1o
aorila calcifications and fower ankle-arm indexes. These associations diminished when adiustwents
were made_for total and HDL cholesterol. Onr results suggest that the APOEX4 allee is not a
strong risk factor for atherosclerosis. The consistent trend for an inverse association beiween
APOE*2 and atherosclerosis was independent of sermm apoE, total and HDL cholesterol fevel,
and way therefore result from differences in apoE isoforns.
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Introduction

Atherosclerosis is the most important cause of morbidity and mortality in western
countties. High levels of total and low density lipoprotein (LDL) cholesterol and low
levels of high density lipoprotein (HDL) cholesterol predispose to the development
of atherosclerosis.! Serum levels of these lipids are partly determined by the apolipo-
protein E genotype (APOE). The APOE gene has three common alleles, APOE*2,
APOE*3 and APOE*4, which fully determine the protein isoforms apoE2, apoE3
and apoE4, respectively.?* Compared to homozygotes for APOE*3, the most com-
mon genotype, APOE*2 is associated with lower levels of total and LDI. cholesterol
and with higher levels of HDL cholesterol, while APOE*4 has opposite effects.2+
ApoE plays a pivotal role in the transport of lipoptoteins,? and is involved in numer-
ous processes in the arterdal walls

Studies on the APOE polymorphism and clinical vascular disease have been in-
consistent.t In a meta-analysis on APOE and coronary heart disease (CHD),
APOE*4 appeared to be a weak sk factor (summary odds ratio 1.3), while no asso-
ciation with APOE*2 was observed.S Howevet, almost all of these investigations are
based on hospital-based patient-series in which selection bias could have played a
role. In one prospective population-based survey, APOE¥4 was found to be a risk
factor for fatal CHID.7 In a similar study however, no association of APOE*4 was
found with either CHD or stroke® No effects of APOE*2 were obsetved in these
two studies.?8

Thete is a limited number of investigations on the APOE genotype and athero-
sclerosis. An autopsy study suggested a predisposing role for APOE*4, and a
protective effect of APOL*2, in the development of atherosclerosis.? In studies on
atherosclerosis of the carotid arterfes, inconsistent associations with APOE have
been reported. 1013

The APOE genotype partly determines serum apoE levels2? Also, the role of
serum apoE level in atherosclerosis is unclear. In patients with atherosclerotic dis-
ease, apoll concentrations were found to be higher,M and lower!® than in controls.

As serum apoF levels are partly determined by the APOE genotype,2? and the
APOL alleles fully define the apoE isoforms,* it is unclear whether a putative relation
between APOE and atherosclerosis is the result of either different serum levels o
different isoforms. The aim of this population-based study was to investigate the
association between the APOE genotype, serum apoR level and atherosclerosis.
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Methods

Study population

This study is part of the Rotterdam Study, a population-based, single-centre cohort
study on chronic and disabling diseases in the eldetly. All inhabitants of a suburb of
Rotterdam, aged at least 55 yeass, including people living in homes for the eldetly,
were invited to participate. The design of the study has been described previously.!
From all subjects informed consent was obtained and the study was approved by the
medical ethics committee of the Erasmus University Medical School. In total 7983
patticipants (response rate 78%) were examined. Here we describe our observations
on a random sample of the first 1000 subjects who visited the research centre. The
analyses presented here are restricted to 934 persons of whom both the APOE
genotype and serum apok level were successfully determined.

Clinical investigations

To assess the presence of atherosclerosis in the common carotid arteries (CCAs),
ultrasonography was performed with a 7.5 MHz linear-array transducer and a Duplex
scanner (ATL UltraMark IV). Both CCAs were evaluated for the presence of athero-
sclerotic plaques, defined as a focal widening relative to adjacent segments with pro-
trusion into the lnmen, as described previously.!?

Inn addition, the intima-media thickness of the distal part of both CCAs were
measured and avetaged, as described before.!? The presence of plaques as well as an
mcreased CCAs intima-media wall thickness are considered to be indicators of
generalised atherosclerosis. 8

Atherosclerosis of the arteries of the lower extremities was assessed by the ratio
of the ankle to brachial systolic blood pressure (ankle-arm index). A decreased ankle-
arm index is a measure for petipheral atherosclerosis!? Arm blood pressure was
measured in sitting position at the right upper atm with a random-zero sphygmoma-
nometer, and the average of two measurements obtained at one occasion was used.
Ankle systolic blood pressure was determined with the subject in supine position at
both the right and left posterior tibial artery using also a random-zero sphygmoma-
nometer and a Doppler ultrasound transducer. ‘T'he analyses were based on the low-
est of the ankle-arm index on the left and the right side.

Aottic atherosclerosis was diagnosed by radiographic detection of calcific depos-
its in the abdomminal aotta2® These calcifications are associated with cardiovasculat
disease, and correlate well with atherosclerotic plagues, as observed at autopsy.202!
Lateral abdominal X-rays were made from a fixed distance with the subject seated.
Calcifications were judged to be present when linear densities were seen in an area
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parallel and anterior to the lumbar spine {L1-L4}. In the analyses, aorta calcificadons
were classified as absent or present.

Information on health status, drug use and smoking behaviour was obtained with
a computetised questionnaire. Height and weight were measured, and body mass
index was calculated,

Laboratory investigations

APOE genotyping and the determination of the serum apoE level wete performed
on coded samples from non-fasting subjects, without knowledge of the other meas-
urements. Genotyping was petformed using a polymerase chain reaction, as
desctibed elsewhere.?? Serum apoE levels were determined by enzyme-linked itn-
munosorbent assay.? Serum total and HDL cholesterol were determined with an

automated enzymatic procedure.?*

Statistical analysis

The association between the APOE genotype and atherosclerosis was studied in the
following multivariate models. The relative risks of plaques in the CCAs and aorta
calcifications were estimated as odds ratios (OR) in a multiple logistic regression
model, and presented with a 95% confidence interval (95% CI). Differences in CCA
intima-media wall thickness and the ankle-arm index were studied in a multple linear
regression model. As determinants we studied fiestly the APOE alleles, which were
entered as dummy variables, using the most common APOE genotype (APOE3E3)
as the reference. Persons with APOE2E2 or APOE2E3 wete grouped, as well as
those with APOIL3E4 or APOE4E4; persons catrying both the APOE#2 and the
APQOI*4 allele were excluded form these models. Secondly, we used models with the
APOE alleles and serum apok, levels. Serum apoE levels were entered in the model
as dummy variables, which assumes no a priori distribution. Categosics wete made
according to quintiles of the distribution of serum apoFE level, and the lowest quintile
was used as a reference, Thirdly, to explore whether the putative cffccts of APOE
are independent of total and HDL cholesterol, we constiucted models with the
APOE genotypes, total cholesterol and HDL cholesterol. Fourthly, we built models
with the APOE genotypes and the following cardiovascular risk factors: systolic
blood pressure, diastolic blood pressure, body mass index, smoking, total and HDL
cholesterol, in order to study effects of APOE irrespective of these variables, To
study the effects of serum apoE level, we used models with quintiles of serum apoll
level as the determinant. Further, we built models with serum apoE quintiles and
total and HDL cholesterol, to investigate the role of serum apoll independent of
total and HDL cholesterol. Finally, differences in total and HDL cholestetol wete
studied 1n a bnear regression model with quintiles of serum apoE level as the deter-
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minant. To adjust for confounding, age and sex were included in all the above mod-
els.

The percentage of explained varance was estimated by the squared adjusted mul-
tiple correlation coefficient?® The Pearson’s chi-square statistic was used for cate-
gorical data, and the two sample t-test for continuous, notrmally distributed variables.
In repression models with total and HDL cholesterol ot the above cardiovascular
tisk factors, the indicator method for missing data was used.?® As no major differ-
ences between men and women, or between age categoties were obsetved in the as-
sociations between the APOE genotype and atherosclerosis, or between serum apoE
and atherosclerosis, findings are presented for the whole study-population.

Results

The distribution of the APOE polymorphism in our study population was in
Hardy-Weinberg equilibrium (APOE2E2 0.7% (n=T7), APOE2E3 14.7% (n=137),
APOEZE4 2.0% (n=19), APOE3E3 55.7% (n=520), APOE3E4 24.9% (n=233) and
APOE4E4 1.9% (n=18)). Descriptive statistics are presented in fabk 1. APOFE*2
carriers had, on average, a higher body mass index, lower total cholesterol levels, and
higher levels of HDL cholesterol, as compared to cartiers of APOE3E3 or APOE*4,
Serum apoE level was highest in APOE*2 cartiers, intermediate in subjects with
APQOE3E3 and lowest in cartders of the APOE*4 allele. For each APOE genotype
group separately, unadjusted mean setum apoE levels wete 1.72 pmol/L (SD 0.66)

Table 1 ~ Characteristics of the study population according to APOE allefes*

Characteristic APOE*2 + APOE3E3 APQOE*4 +
n=144 n=520 n=251
Age in years 69.1 (7.6) 68.9 (8.0} 69.1 (8.2}
Men 33% (47) 41% (212) 45% (112)
Systolic blood pressure in mimHg 135.5 (20.8} 136.0 {19.8) 134.5 (20.0)
Diastolic blood pressure in mmHg 718 (11.1) 70.5 (10.5) 71.0 (11.1)
Body mass index in kg/m* 27.1 (3.5} 26.4 (3.8) 26.6 (4.0}
Current smoking 23% {32) 23% (116) 23% (56)
Total cholesterol in mmol/L 6.5 (1.2} 6.7 (1.2) 6.8 (1.2)
HOL cholesterol in mmol/L 1.4 {0.4) 1.3 (0.4) 1.3{0.3)
Serum apok level inumol/L 1.19 {0.50) 0.80(0.33) 0.62 (0.25)

* Values are unadjusted means {SD) or percentages {numbers), based on all available informa-

tion; APOE*2+ denotes the APOE2E2 or the APOE2E3 genotype; APOE*4+ denotes
APOE3E4 or APOE4EA.
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for APOE2E2, 1.16 umol/L (SD 0.48) for APOE2E3, 1.08 umol/L (SD 0.45) for
APOF2F4, 0.80 umol/L (SD 0.33) for APOE3E3, 0.63 umol/L (SD 0.25) for
APOE3E4 and 042 pmol/L (SD 0.12) for APOE4E4. These mean apoE concen-
trations did not change when adjustments were made for age or sex. The APOE
genotype explined 24% of the variance in serum apoFE levels.

As shown in fabl 2, we found a strong association between sesum apoF level and
total cholesterol in the whole study-population and in strata of APOE3E3 and
APOE*4 carriers. By contrast, among APOE*2 carriers, serum apoE level was only
weakly related to serum total cholesterol.

Table 3 shows that cartiers of the APOE*2 allele had a lower prevalence of
plaques in the CCAs. This inverse association held when adjustments were made fot
serum apok level, In addition, APOE*2 carriers had a lower prevalence of aorta cal-
cifications, which reached statistical significance when adjustments were made for
serum apoE level. Overall, APOE*4 was not associated with an increased prevalence
of CCAs plaques or aorta calcifications. However, the APOE4E4 genotype was non-
significantly related to aorta calcifications (OR=1.6; 95% CI 0.6 to 4.8). Adjusting for
total and HDL cholesterol yielded similar fesults as the models with adjustments for

age and sex only,

The median CCA intima-media wall thickness in the APOE3E3 group was 0.78
mm (10th centile 0.62, 90th centile 0.97 mm). As shown in sabk 4, APOE*2 cattiers
had a thinner CCA intima-media compared to this reference group. The CCA in-
tima-media was similar for persons with the APOE3E3 genotype and for APOE*4
carriers. The median ankle-arm index in the APOE3E3 group was 1.12 (10th centile

Table 2 - Differences in serum tofal cholesterol level according to quintiles of serum
apoE Jevel*

<0.53 0.53-0.68 0.68-0.85 0.85-1.09 =1.09

Total Cholesterol in mmol/L

All 0 {reference} 0.30 0.37 0.85 0.91
(0,07 t0 0.52) (0.15t0 0.60} (0.63 to 1.08) {0.69 to 1.14)
APOE*2 + O {reference) 0.17 0.18 -0.01 0.71
(087 to 1.21) (1.07t00.72) {0.84t00.82) (-0.02 to 1.44)
APOE3E3 0 {reference) 0.28 0.45 1.09 1.36
(0010057} (01610 0.74) (081101.37) (104 to 1.68)
APOE* +  ( {reference) 0.46 0.65 1.43 111

{01210 0.80) (02910 1.01) (096t0 1.90) {049 t0 1.72)

* Values are differences with 95% confidence interval; APOE*2+ denotes the APOE2E2 or the
APQE2E3 genolype; APOE*4+ means APOE3E4 or APOE4E4; serum apof levels are in
prol/L.
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Table 3 -~ Odds ratios for common carofid artery plagues and aorta calcifications
associated with APOE alleles™®

APOE*2 + APOE3E3 APQOE*4 +

CCA placquest

Events (observations) n=14 (n=142} n=93 (n=510} n=34 (n=245}

Model 13 0.5 (0.3 10 0.9) 1 {reference) 0.7 (0.4 to 1.1)

Maodel 23 0.5 (0.3 to 0.9) 1 (reference) 0.7 {0.5 to 1.2}

Modef 31 0.5 (0.3 to 0.9} 1 (reference} 0.7 (0.4 to 1.1)
Aorta Calcifications

Events {observations) n=59 {(n=128) n=186 (n=474} n=94 (n=226)

Model 1* 0.7 (0.5 to 1.1) 1 {reference) 0.9 (0.6 to 1.2)

Mode] 25 0.5 {0.3 to 0.8) 1 {reference) 1.0 (0.7 to 1.4}

Model 3! 0.8 (0.5 to 1.2) 1 {reference) 0.8 (0.6 to 1.2)

* Values are odds ratios with 95% confidence interval; APQE 2+ denoles the APOE2E2 or the
APOE2E3 genotype; APOE*4+ means APOE3E4 or APQE4E4;

t CCA denotes common carotid arterfes;

t Model 1: adjusted for age and sex;

8 Model 2: adjusted for age, sex and serum apoF level;

I Model 3: adjusted for age, sex, serum totaf cholesterof and HDL cholesterol,

Table 4 ~ Differences in common carotid artery intima-media thickness and ankle-arm
index according to APOE alletes*

APOE*2 + APOE3E3 APOE*4 +

CCA intima-media (mm}!

Observations n=142 n=513 n=247

Madel 1! -0.04 (-0.06 to -0.01) 0 (reference) -0.02 (-0.03 to 0.00)

Model 2° -0.03 {-0.06 to -0.01) 0 (reference) -0.01 {-0.03 to 0.01)

Model 31 .0.03 {-0.06 to -.001) 0 {reference) -0.02 {-0.04 to 0.00}
Ankle-arm index?

Observations n=138 n=496 n=243

Model 11 0,03 (-0.01 to 0.07) 0 (reference) 0.00 {-0.03 to 0.03)

Madel 25 0.06 (0.02 to 0.10) 0 (reference) -0.02 (0.05 to 0.01)

Model 3f 0.02 (-0.01 to 0.06) 0 {reference) 0.00 {-0.03 to 0.03)

* Values are mean differences with 95% confidence interval; APOE*2+ denotes APOE2E2 or
APOE2E3; APOE*4+ means APOE3E4 or APOE4ES;

CCA denotes common carotid arteries;

Model 1: adjusted for age and sex;

Model 2: adjusted for age, sex and serum apot level;

Model 3: adjusted for age, sex, serum total cholesterol and HDL cholesterol;

The ankle-arm index is inversely associated with atherosclerosis.

P
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0.84, 90th centile 1.31). APOTZ*2 catriers had, on average, a higher index than the
APOE3E3 group. The association between APOE*Z and the ankle-arm index be-
came stronger and reached statistical sipnificance when adjustments were made for
serum apoE level, suggesting an independent effect of the APOL*2 allele. Persons
with the APOE4E4 genotype had a slightly lower ankle-arm index than homozy-
gotes for APOE*3 (difference: -0.01; 95% CI -0.10 to 0.08). However, cartiers of
APOE*4 had overall a similar ankle-arm index as the APOE*3 homozygotes, and a
slightly lower ankle-arm index when adjustments were for serum apoE level, but this
was not statistically significant, When total and HDL cholesterol wete added to the
models on CCA intima-media and the ankle-arm index, the associations slightly
wezakened as compared to the models with adjustments for age and sex only.

Tabl 5 shows that the prevalence of CCA plaques was not related to serum apol
levels. By contrast, the prevalence of aotta calcifications was found to increase with
increasing apoE level, and this was obsetved both unadjusted (test for trend:
p=0.05), and adjusted for the APOE genotypes (test fot trend: p=0.005). When we
adjusted for serum total and HDL cholesterol, the association between serum apoE
and aorta calcifications diminished (test for trend: p=0.50).

The median CCA intima-media wall thickness in the lowest quintile of the serum
apokll distribution was 0.75 mm (10th centile 0.60, 90th centile 0.96 mm). As shown
in fabk 6, serum apoE level was not associated with the CCA intima-media wall
thickness. The median ankle-arm index in the lowest quintile of the serum apoF. dis-
tribution was 1.15 (10th centile 0.89, 90th centile 1.32 mm). Increasing serum apol.
levels were found to be related to decreasing ankle-arm indexes, both unadjusted
(test for trend: p=0.03), and adjusted for the APOE genotypes (test for trend:
p=0.001). When adjustments were made for total and HDL cholesterol, the associa-
tion between serum apoE and the ankle-arm index ditninished (test for trend:
p=0.39).

Discussion

In this population-based study, we found overall no association between the
APOE*4 allele and various indicators of atherosclerosis, although the APOEAIN4
genotype was weakly associated with atherosclerosis in the abdominal aorta and pe-
ripheral arteries. By contrast, we found a consistent trend for an inverse relationship
between APOE*2 and various indicators of atheroscletosis, including plaques in the
CCAs, aorta calcifications, the CCA infima-media wall thickness and the ankle to arm
systolic blood pressure index. Adjusting for seram apol® levels strengthened the as-
sociation between APOE*2 and aorta calcifications and the ankle-arm index, whereas
adjusting for total and HDL cholesterol only slightly changed the estimates. Serum
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Table 5 — Odds ratios for common carotid artery plaques and aorta calcifications according to quintiles of serum apoE level*

<0.53 0.53-0.68 0.68-0.85 0.85-1.09 21.09
CCA plagues®
Events {observations) n=26 (n=206) n=28 (n=178) n=33 (n=175) n=30 (n=180) n=26 (n=176)
Maodel 17 1 (reference) 1.4 (0.7 10 2.4) 1.7 (1.0 to 3.0) 1.6 (0.9 to 2.8) 1.4 (0.7 to 2.5)
Model 25 1 (reference) 1.3 (0.7 to 2.4) 1.7 (1.0 to 3.1} 1.6 (0.8 to 2.9) 1.7 (0.9 to 3.2}
Model 31 1 {reference} 1.3 (0.7 to 2.4) 1.7 {0.9 to 3.0) 1.5 {0.8 to 2,8) 1.3 (0.7 to 2.5}
Aorta Calcifications
Events (observations) n=104 (n=193) n=95 (n=163) n=99 (n=166) n=88 (n=159) n=111 {n=1635]
Model 1¥ 1 {reference) 1.2 (0.8 t0 1.8) 1.2{0.81t0 1.9) 1.1 (0.7 to 1.6) 1.7 (1.1 to 2.7)
Model 28 1 {reference) 1.2{0.8 0 1.9) 1.3 (0.8 to 2.0) 1.2 (0.7 t0 1.9) 2.4 (1.4 to 4.0)
Model 3t 1 {reference} 1.1 (0.7 to 1.7} 1.1 (0.7 to 1.7} 0.8 (0.5t0 1.3) 1.4 {0.8 to 2.2)
* Values are odds ratios with 95% confidence interval; serum apot levels are in pmol/l;
t CCA denotes common carotid arteries;
¥ model 1: adjusted for age and sex;
§

Model 2: adjusted for age, sex and APOE genotypes;
Model 3: adjusted for age, sex, total and HDL cholesterol.



Table 6 — Differences in common carotid artery intima-media and ankle-arm index according to quintiles of serum apoE level*

<0.53

0.53-0.68

0.68-0.85

0.85-1.0%

21.09

CCA intima-media (mm)'

Chbservations n=208

Model 1% 0 (reference)
Model 25 0 (reference)
Model 3t 0 (reference)
Ankle-armn index!

Observations n=203

Maodel 1# 0 (reference)
Model 25 0 (reference)
Model 31 0 (reference)

n=181

0.02 (-0.01 to 0.04)
0.01 {-0.01 to 0.04)
0.07 {-0.01 to 0.03)

n=175

-0.01 (0.05 to 0.03}
-0.01 (-0.05 to 0.03)
0.00 (-0.04 to 0.04)

n=175
0.02 (0.00 to 0.05)

0.02 (-C.01 to 0.05)
0.02 {-0.01 to 0.04)

n=173
0.01 {-0.03 to 0.05)

0.01 (0.03 to 0.05)
0.02 (-0.02 to 0.06)

n=180

0.01 (-0.02 to 0.04)
0.01 (-0.02 to 0.04)
0.00 (-0.03 to 0.03)

n=174

-0.03 {-0.07 to 0.01)
0.04 (0.09 to 0.00)
-0.01 (-0.05 to 0.03)

n=177
0.00 (-0.03 to 0.03)
0.01 (0.02 to 0.03)
-0.01 {-0.04 to 0.01)

n=171
-0.04 (-0.08 to 0.00)
-0.07 (-0.12 to -0.03)
.0.02 (-0.06 to 0.02)

R N e

Values are differences with 95% confidence interval; serum apok levels are in pmol/I;

CCA denotes common carotid arteries;
Medel 1: adjusted for age and sex;

Model 2: adjusted for age, sex and APOE genotypes;

Model 3: adjusted for age, sex, total and HDL cholesterol;
The ankle-arm index is inversely associated with atherosclerosis.’®
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apoE levels were not related to atherosclerosis in the CCAs, but increasing seram
apoE levels wete associated with lower ankle-arm indexes and the presence of aorta
calcifications. These two associations diminished when adjustments were made for
total and HDL cholesterol. APOE*2 carriers had higher levels of serum apoE, butin
these petsons, apoE was only weakly associated with total cholesterol,

The limitations of the present study should not be ignoted. As this is a cross-sec-
tional sutvey, we can not exclude that selective survival may have occurred. How-
ever, when we restricted the study-population to persons in whom mortality may be
less important (i.e. non-diabetic persons younger than 65, without CHD or stroke,
who have never smoked), similar findings wete obtained {(data not shown), A follow-
up study, in which APOE genotyping is petformed on material collected relatively
eatly in life, could chatacterise participants who died before assessment of athero-
sclerosis. As far as we know, such a study has not been done.

An advantage of this study is the population-based approach with a high response
rate. We estimated the presence of atherosclerosis using established, validated tech-
niques. 181920 However, some measurement error may have occurred. Since all labo-
ratory analyses were performed without knowledge of the other measurements, such
misclassification is most likely non-differential and will therefore most likely result in
an underestimation of the true effect.

Previous studies on the APOE genotype and atherosclerosis are limited, and re-
sults have been inconclusive.”? In an autopsy study in young males who died of ex-
ternal causes, the extent of atheroscletosis was greatest in APOE*4 carriers, and least
in carriers of APOE*2? By contrast, a repott from the Atherosclerosis Risk In
Communities (ARIC) study among subjects free from symptomatic cardiovascular
disease showed opposite results; i.e., carriers of APOE*2 were had a bordetline sta-
tistically significant increased tisk of carotid atherosclerosis relative to the APOE3E3
genotype, while no association with APOE*4 was observed.’? In a study among pa-
tients referred for coronaty angiography, APOE*4 carriers had an increased thick-
ness of the internal carotid artery intima-tnedia, while APOE*2 carriers had a de-
creased intima-media wall thickness.!® The latter findings were confirmed in a recent
study among asymptomatic individuals for CHD.!! By contrast, in non-diabetic
Japanese who were asymptomatic for CHD, no association between the APOR
polymorphism and carotid or femoral arterial wall thickness was found.’? This is the
first population-based investigation on the APOE genotype and atherosclerosis of
the aorta and the arteries of the lower extremities, and the first stady on serum apoEl
levels and non-invasively measured atherosclerosis.

The observation that APOE*2 carriers have in serum higher levels of apo¥. and
HDL cholesterol and lower levels of total cholesterol, and that APOE*4 has oppo-
site effects, is in line with eatlier reports.2* Compared to the APOE3E3 genotype,
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catabolism of chylomicron and VLDL remnants occuts at a lower rate in APOE#2
catriers, while a similar though opposite mechanism occurs in APOE*4 carriers.?
‘Therefore, in APOE*2 carriers, the rate of conversion of VLDL remnants to LDL is
lower, resulting in an up-regulation of hepatic LDL receptors.* This leads to higher
levels of cholesterol-containing remnant particles, and lower levels of cholesterol-rich
LDL particles. Since remnant particles are present in normal subjects in small quan-
tities, the net APOE*2 alteration is a decrease in total cholesterol level.t As apoF. is
found primarily in chylomicron and VLDL remnants, a delayed catabolism will result
in higher apoFE levels. This is in line with our observation that APOE*2 carticrs had
higher apoF levels and lower levels of total cholesterol than the other APOE groups.
Furthermore, in contrast to the other APOE groups, serum apoL levels were in
APOE*2 cattiers only weakly related to total cholesterol.

In the present study, APOE*4 was overall not associated with the atherosclerosis
indicators, although the APOEAE4 genotype was weakly related to atherosclerosis in
the abdominal aotta and peripheral arteries. By contrast, APOE*2 was consistently,
inversely related to atherosclerosis. Adjustment for serum apoE level strengthened
these findings, whereas adjusting for total and HDL cholesterol, ot cardiovascular
risk factors only slightly changed the inverse association. As the effects of the APOE
polymorphisin on atherosclerosis seem therefore not to result from its effects on
serum apoE ot cholesterol levels, the APOE genotype may be involved in athero-
sclerosis through alternative pathways. As the APOE alleles fully determine the apolf
protein isoforins, the APOE*2 effects may result from structural differences in apoEl
isoforms, Atherosclerosis is associated with increased oxidative stress, as the oxida-
tive modification of LDL seems to be a crucial step in its development.?” The various
apok. isoforms have been found to exert different antioxidant effects.? Furthermore,
as apoE seems to have several other properties with relevance to vessel wall homeo-
stasis, including the modulation of platelets agpregability and the proliferation and
migration of smooth muscle cells and lymphocytes,>? it is possible that these prop-
erties may differ across the apoR isoforms.

Although serum apoE levels were found to be related to the ankle-arm index, and
aorta calcifications, no association was observed between serum apoE levels and
CCA  atherosclerosis.  This might suggest differences in the aetiology of
atherosclerosis across sites. However, it is possible that these differences are due to
chance. If serum apoE levels are truly increased in atherosclerosis, this could be
cause or consequence. The observation that increases in cholesterol level and
oxidised LDL may stimulate apoEl secretion by macrophages,530 may suggest that
apoll secretion increases after the development of atheroscletosis. However, it
should be noted that the large majority of apoli, as detected in serum, is produced by
the liver?? Any compensatory apoll secretion by macrophages will probably not
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result in a substantial difference in serum apoE level Serum apoE level seems
therefore not to increase substantially as a consequence of atherosclerosis. On the
other hand, most apoE is a constituent of VLDL and chylomicton remnants,
particles with atherogenic properties, while relatively small amounts of apoE are
found in a subclass of HDL cholesterol.#2° This is in line with our observation that
apoE levels were positively related to total cholesterol levels. When we adjusted for
total and HDL cholesterol, the association between setum apoE level and
atherosclerosis diminished, in agreement with previous observations.™ These
findings support the hypothesis that apoE level is positively related to
atherosclerosts, because apoll is a component of atherogenic lipoproteins. This is
also consistent with our finding that the inverse relation between APOE*2 and
atherosclerosis strengthened when adjustments wete made for serum apoE level.

In conclusion, we found that the APOE#4 allele was not strongly related to vati-
ous indicators of atherosclerosis. By contrast, a consistent trend for an inverse rela-
tionship between APOE*2 and atherosclerosis was observed, which was independ-
ent of serum apoF, total and HDL cholesterol level, and may therefore result from
differences in the apo isoforms.
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Apolipoprotein E,
atherosclerosis and
cognitive decline

Abstract

The APOEX allele of the apolipaprotein E gene (APOE) and atherosclervsis are risk Jactors for
cognitive decline. We investigated whether the effects of the APOE genotype and atherosclerosis on
cognitive decline are independent. A1 population-based follonr-np stndy was perfornied on 838 subjects
who were non-demented al baseline. The Mini Mental State Examination (MMSE) score at fol-
tow-iip was studied as a function of APOE and athervsclerosis, assessed by five indicators based on
How-invasive measnrensents and clinical endpoints. Mild, non-significant effects on the MMSE score
were fornd for atherosclervsis in the absence of APOEX and for APOE™ in the absence of athe-
roscierosis. APOEE carriers with two or more indicators of atherosclerosis positive, had a signifi-
cantly lower MMSE score at follow-up (mean difference -0.7 pointsy 95 percent confidence inferval -
1.1 to -0.2) reative to non-APOEX carriers with no evidence of atherosclerosis. Onr findings sng-
Lest that the consequences of APOE and atherosclerosis are nof independent, and ihat pariieniarly
APOEX carviers with atheroiclervsis are af increased 15k of cognitive decline,

Introduction

Cognitive decline in eldetly persons is an imaportant predictor of dementia and, from
a public health point of view, of growing significance in ourt aging society. Several
genetic and environtnental factors may lead to age-related cognitive detetoration and
eventually dementia.! An important genetic risk factor for cognitive decline and de-
mentia is the APOE*4 allele of the apolipoprotein E gene (APOE).2¢ It is contro-
versial whether APOE*2, another APOER allele, decreases the tisk of dementia and
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cognitive decline’? In Caucasians, APOE*4 has a frequency of approximately 15
petcent, APOE*2 a frequency of 8 percent, and the most common APOE allele,
APOE*3 has a frequency of 77 percent. '

Apart from its role in cognitive function, apolipoprotein E is known to play a
central role in lipid metabolism.}® APOI*4 carrers have higher total and L.DL cho-
lesterol levels, and have an increased risk of atherosclerosis, compared to persons
without this allele,112 although not in all studies. ?

Atherosclerosis is also a risk factor for demential® and cognitive decline.!® There-
fore, one may hypothesize that atherosclerosis is an intermediate factor in the asso-
ciation between APOE*4 and cognitive decline. Up to date, few studies investigated
the relation between APOE, atheroscletosis and cognitive function. In a case-control
study of prevalent patients with dementia, we found evidence that APOE*4 potenti-
ates the effects of atherosclerosis.” However, this study may have been subject to
bias, since differences in survival have been observed for demented patients related
to the APOE genotype %16

Here we present a follow-up study on cognitive decline in 838 subjects who were
non-demented at baseline. The aim of this population-based investigation was to
examine whether the effects of the APOE genotype and atherosclerosts on cognitive
decline are independent.

Methods

Study population

This study is part of the Rotterdam Study, a population-based follow-up study of
determinants of chronic diseases in the elderly. All inhabitants of a suburb of Rotter-
dam, aged 55 years or over, including those living in homes for the elderly, were in-
vited to participate. The desigh of the study has been described previously.’” From all
subjects informed consent was obtained and the study was approved by the medical
cthics committee of the Erasmus University Medical School. In total 7983 partici-
pants {response rate 78 percent) were examined from 1990 to 1993 (baseline). At
follow-up in 1993 and 1994, 6315 persons (79.1 percent) were re-cxamined; 708
subjects (9.6 percent) had died, 106 (1.3 percent) were inaccessible and 794 (9.9 per-
cent) refused to participate. The mean period of follow-up was 2.9 years (SD 0.4).

At the time of the present analyses, a random sample of 1585 subjects was invited
to patticipate in an ongoing study on atherosclerosis of the carotid arteries. ‘The
analyses presented here are restricted to persons for whom data on cognitive func-
tion were available both at baseline and at follow-up (n=1197). In individuals of
whom blood was available, APOE typing was performed {(1=899). Subjects who
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were demented at baseline (n=10), and those who were suspected of dementia at
baseline (e, Mini Mental State Examination (MMSE) score of 25 points or less,
1=51) were excluded. This resulted in a study population of 838 subjects.

Measurements

Cognitive finction The Dutch version of the MMSEY¥ was used to assess global
cognitive performance. The MMSE is a test that covers several cognitive functions,
and yields a maximum best score of 30 points. The MMSE was administered by spe-
cially trained research assistants. Dementia at baseline was diagnosed by a three phase
approach, as described in detail elsewhere.!* A panel of physicians and neuropsy-
chologists assessed whether a dementia syndrome was present according to ctiteria
of the American Psychiatiic Association (IDSM-III-R).1?

Apolipoprotein E We used coded blood samples for APOE genotyping. This was
performed without knowledge of the other measurements, using the primers and
amplification conditions as described by Wenham and colleagues.20 The polymerase
chain reaction product was digested with the restriction enzyme Hlhal and fragments
were separated by electrophotesis on a 5% agarose gel. APOE aileles wete visualized
by ethidium bromide staining.?

Atherosclerosis At baseline, we examined the presence of atherosclerosis by clinical
vascular discase (history of stroke or previous myocardial infarction) and non-inva-
sive measurements (atherosclerosis of the arteries of the lower extremities and of the
carotid arteries). A history of stroke and a history of myocardial infarction were as-
sessed by direct questioning and consideted positive when the diagnosis had been
made by a treating physician. To estimate the presence of athetosclerosis in the ca-
rotid arteties, ultrasonography of both carotid arteres was petformed with a 7.5
MHz linear-array transducer and a duplex scanner (ATL UltraMark IV, Advanced
Technology Laboratories, Bethel, WA). Both carotid bifurcations were evaluated for
the presence of atherosclerotic plaques, defined as a focal widening relative to adja-
cent segments with protrusion into the lumen, as described previously.?! In addition,
the intima-media thickness of the distal patt of both common carotid arteries (CCA)
were measured and averaged, as described before.? The presence of plaques as well
as an increased CCA intima-media thickness are reliable indicators of generalized
atherosclerosis. 2 Atherosclerosis of the arteries of the lower extremities was as-
sessed by the ratio of the ankle to brachial systolic blood pressure (ankle-arm index).
A decrensed ankle-arm index has been shown to be a reliable indicator of generalized
atherosclerosis.?s27 To calculate the ankle-arm index, blood pressure was measured in
the sitting position at the right upper arm with a random-zero sphygmomanometer,
and the average of two measurements obtained at one occasion was used. Ankle
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systolic blood pressure was determined with the subject in supine position at both
the right and left posterior tibial arteries using also a random-zero sphygmomano-
meter and a Doppler ultrasound transducer. The analyses were based on the average
of the ankle-arm index on the left and the right side.

Possible confounders Information on a family history of dementa, and lifetime
formal schooling was obtained using a computerized questionnaire, The family his-
tory of dementia was considered positive if one or more first degree relatives suf-
fered from dementia. Attained level of education was assessed according to the in-
ternational standard classification of education (Unesco, Paris, 1976).28 For the pres-
ent analyses participants were grouped into five categories.

Classification

Firstly, subjects were grouped according to the six possible APOE genotypes
(APOE2E2, APOE2E3, APOE2E4, APOE3E3, APOE3E4 and APOE4E4). Par-
ticipants were also classified into APOE*2 carrders (subjects with APOE2E2 or
APOE2E3), homozygotes for APOE*3, and APOE*4 carriers (individuals with the
APOE3E4 or the APOE4FE4 genotype), whereby persons with the APOE2E4
genotype were excluded. Persons with the most common genotype (APOE3E3)
were the reference group.

Secondly, subjects were grouped according to the presence ot absence of the
above five indicators of atherosclerosis: a history of stroke, a previous myocardial
infarction, the ankle-arm index, the CCA intima-media thickness and the ptesence of
one or more plaques in both carotid bifurcations. Continuous variables were split at
the median. Specifically, the indicator ankle-arm index was positive for those with an
mdex beneath the median, while the indicator CCA intima-media thickness was
positive in those with a wall thickness above the median.

A problem in the analysis on the separate indicators is that these are not always
positive simultaneously. For instance, persons without a histoty of stroke may have a
history of myocardial infarction. To optimize the contrast, we constructed a more
rigorous atherosclerosis score to identify those with evidence of atherosclerosis at
multiple sites (i.e. two or mote indicators, mentioned above, positive), These persons
were assigned an atherosclerosis score of two. The atherosclerosis scote was one in
those with only one indicator positive. Persons with no indicators positive had an
atherosclerosis score of zero, and were used as the reference group.

Thirdly, the combined effects of the APOE genotype and atherosclerosis were
studied according to a strategy described by Ottman® We classified subjects into 4
groups: (1) non-APOE*4 cartlers with no evidence of atherosclerosis (reference
group), (2) APOE*4 carriers with no evidence of atheroscletosis, (3) non-APOE*4
carriers with evidence of atherosclerosis, and (4) APOE*4 catriers with evidence of
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atherosclerosis. These analyses were performed for each of the five indicators of
atherosclerosis separately, as well as for the atheroselerosis score. Since the athero-
sclerosis score had three values, this resulted in six subgroups. The effects of both
APOE*2 and atherosclerosis were studied similarly.

Statistical analysis

The chi-square statistic was used to compare categorical data, and the two sample t
test to study normally distributed, continuous vatiables. MMSE scotes wete studied
in a multple linear regression model, with the study groups entered as dummy vari-
ables, using the above classification. Differences in MMSE scores are presented with
a 95 percent confidence interval (CI). All analyses on the MMSE score were adjusted
for age, gender and level of education. All reported p values are based on two sided
tests using a significance level of 5%.

Table 1 - Baseline characteristics of the study population*

Characteristic APOE*2 + APOE3E3 APOE*4 +
n=136 n=459 n=224
Age at baseline {years) 67.8 (6.8) 68.1 (7.4) 67.9 (7.3)
Men 30.9% (42)  412% (189)  45.5% (102)
Family history of dementia 21.5% (29) 21.5% (98) 32.3% (72)
Educational level: primary 13.3% (18} 21.3% (97) 19.2% (43)
education only
History of stroke 1.5% (2} 4.2% (19) 3.6% (8)
History of myocardial infarction 3.0% (4) 8.3% (37} 7.3% (16}
CCA intima-media (mm}' 0.75 {0.12) 0.78 (0.15) 0.78 (0.15)
Plagtre in carotid bifurcations 43.2% {51) 54,7% (208) 49.7% {89)
Ankle-arm index 1.12 {0.19) 1.10 (0.21) 1.10 (0.19)
Atherosclerosis score zerot 27.3% (36) 20.7% (93) 22.0% (48)
Atherosclerosis score onet 34.1% (45) 28.7% (129) 29.8% (65)
Atherosclerosis score two! 38.6% (51} 50.7% {(228) 48.2% (105}

-

Values are unadjusted means (SD) ar percentages (numbers), based on all available informa-
tion; APOE*2+ denotes the APOE2E2 or the APOEZ2E3 genolype; APOE*4+ denotes
APOE3E4 or APOE4E4,

T CCA indicates common carolid arteries.

t Atherosclerosis score is zero when none of the indicators of atherosclerosis are positive, one
when only one indicator is positive, and two when two or more indicators are positive.
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Results

Descriptive statistics

The distribution of the APOE genotype in our study population was: APOE2E2: 1.3
petcent (n=11), APOE2E3: 14.9 percent (n=125), APOE2E4: 2.3 percent (h=19),
APOE3E3: 54.8 percent (n=459), APOE3E4: 24.8 percent (n=208) and APOE4E4:
1.9 percent (n=16). The APOE genotype disttibution was in Hardy-Weinberg equi-
librium (X2=5.1; degtees of freedom=3: P>0.2). Descriptive statistics of the study
population are presented in fabk 1. Significantly more persons with APOE*4 had a
positive family history of dementia in first degree relatives, compared to subjects
without this allele. There were significantly more men among APOE*4 carriers than
among APOE*2 cattiets. APOE*2 cartiers had less often primaty education only, as
compared to the APOE3E3 group. In persons with APOE*2, we found a signifi-
cantly thinner CCA intima-media wall thickness, less often plaques in the carotid
bifurcations and a larger proportion of subjects with an atherosclerosis score of zero,
as compared to the APOE3E3 group. The inverse association between APOE*2 and
indicatots of atherosclerosis could also be observed in a multivariate model with ad-
justments for age and gender (data not shown) .

Apolipoprotein E and MMSE

The median MMSE score at follow-up in the APOE3E3 group was 28 (10th centile
25, 90th centile 29). As shown in fabk 2, APOE¥*4 carders petformed significanty
wotse compated to this reference group. APOE*2 cartders had a similar MMSE
score as the APOE3E3 group. The MMSE scote at follow-up was comparable for
subjects with APOE3E4 telative to those with APOEAEA4, and also for persons with
APOE2E2 as compated to those with APOE2E3. However, the statistical power for
these comparisons was limited, since there were only 16 homozygotes for APOE*4
and 11 for APQE*2,

Table 2 - Difference in MMSE score at follow-up according to the APOE genotype*

APOE*2+ APOE3E3 APOE*4+
0.1 {(0.51t00.2) reference 0.4 {-0.7 to -0.1}
n=136 n=459 n=224

* Values are means {95% confidence interval) adjusted for age, gender and education level;
APOE*2+ denotes the APOE2E2 or the APOE2ZE3 genotype; APOE*4+ denotes APOE3E4 or
APOE4E4,
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Atherosclerosis and MMSE

As shown in fabl 3, subjects with evidence of atherosclerosis as estimated by a his-
tory of stroke, the CCA intima-media thickness, the presence of plaques in the ca-
rotid bifurcations and the ankle-arm index, performed worse on the MMSE at fol-
low-up, compared to those for whom that indicator was negative, although this did
only reach statistical significance in analyses on the CCA intima-media thickness.

Tabte 4 shows that the MMSE scote at follow-up is lowest in those with two or
more indicators positive, intermediate in persons with one indicator positive, and
highest in those with no indicator positive. The median MMSE scote at follow-up in
persons with no indicator positive was 28 (10th centile 26, 90th centile 29).

Table 3 - Difference in MMSE score at follow-up according to the presence or absence
of various indicators of atherosclerosis at baseline*

indicator indicator - indicator +
History of stroke reference -0.2 (-0.8 to 0.4}
n=804 n=29
History of myocardial reference 0.1 (-0.4 to 0.5)
infarction n=758 n=59
CCA intima-media! reference -0.3 (0.6 1o 0.0)
(Median: 0.75 mm) n=412 n=414
Plague in carotid reference 0.0 (0.3 to 0.3)
bifurcations n=339 n=355
Ankle-anm index reference 0.2 (0.4100.1)
(Median: 1,13} n=403 n=402

* Values are means (95% confidence interval), adjusted for age, gender and education lavel.
' CCA indicates common carotid arteries.

Table 4 - Difference in MMSEF score at follow-up according to the atherosclerosis score*

Atherosclerosis score zero Atherosclerosis score one Atherosclerosis score bwo
reference 0.1 (0.4 10 0.3) 0.3 {-0.6 to 0.1)
n=184 n=242 n=393

* Atherosclerosis score is zero in those with no indicator of atherosclerosis positive, one in per-

sans with one indicator positive, and two in those with two or more indicalors positive;
values are means (95% confidence interval) adjusted for age, gender and education level.
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Apolipoprotein E, atherosclerosis and MMSE

The combined effects of APOE*4 and atherosclerosis on the MMSE score at fol-
low-up, are shown in /abk 5. Among APOE*4 catriers, those with evidence of athe-
rosclerosis (column 5) performed wortse compared to those without (column 3). In
the absence of APOE*4, none of the indicators of atherosclerosis were associated
with a statistically significantly lower MMSE score at follow-up (compare column 4
versus column 2).

The various indicators were studied simultanecusly using the atherosclerosis
score, In this analysis, non-APOLE*4 carriers with an atherosclerosis score of zero
were the reference group (median MMSE at follow-up 28, 10th centite 26, 90th cen-
tile 29). As shown in #wbk 6, APOE*4 cairiers performed worse compared to persons
without this allele, in all strata of the atherosclerosis score. The performance on the
MMSE at follow-up decreased with increasing atherosclerosis scores, for those with
and without APOE*4. With this classification we could study the effects of APOE*4
and atherosclerosis separately. In the absence of evidence of atherosclerosis (score

Table 5 - Diiference in MMSE score at follow-up according Lo the presence or absence
of APOE*4 and varijous indicators of atherosclerosis at baseline*

atherosclerosis APOE*4 - APOE*4 + APOE*4 - APOE*4+
indicator atherosclerosis  atherosclerosis  atherosclerasis  atherosclerosis
indicator - indicator ~ indicator + indicator +
History of stroke reference 0.4 03 0.6
{(-0.6 to -0.1) (-1.1 to 0.5) (-1.8 to 0.6)
n=571 n=233 n=21 n=8
History of myocardial reference 0.3 0.2 0.7
infarction {-0.6 to 0.0) (-0.3 to 0.8} (-1.6 to -0.1}
n=538 n=220 n=42 n=%7
CCA intima-medial reference 0.1 0.0 0.6
{Median: 0.75 mm) (-0.5 to 0.3) (-0.3 to 0.3} (-1.0 to -0.3)
n=298 n=114 n=292 n=122
Plague in carotid reference 0.2 -0.1 -0.6
bifurcations {-0.6 {0 0.2) {-0.4 to 0.2) (-1.0 to -0.2)
n=240 n=99 n=259 n=96
Ankle-arm index reference 0.3 0.1 0.4
(Median: 1.13} {-0.7 to 0.1} {-0.3 to 0.2) {(-0.8 to -0.1)
n=282 n=121 n=286 n=116

* Values are mean differences (95% confidence interval), adjusted for age, gender and educa-

tion tevel.
! CCA indicates common carolid arteries.
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zero), the mean difference in MMSE score between persons with and without
APOE#*4 was -0.2 (95 percent CI -0.7 to 0.4). In the absence of APOE#4, those with
an atherosclerosis score of two differed on average -0.2 MMSE points (95 petcent CI
-0.5 to 0.2) from those with a score of zero. However, the MMSE score for
APOE*4 carriets with an atheroscletosis score of two was on average -0.7 MMSE
points (95 percent CI -1.1 to -0.2) lower compared to non-APOE#4 cattiers with a
scote of zero. This difference was larger than the sum of the separate effects (-0.2
and -0.2), and could not be explained by an asymmetric distribution of homozygotes
for APOE*4. Among APOE*4 carders with an atherosclerosis scote of zeto, 8
percent were homozygote. In APOE*4 catriers with a score of one, 5 percent were
homozygote, and among APOE*4 carriers with an atherosclerosis score of two, 8
percent were homozygote (X?=0.7; degrees of freedom=2: P=0.7).

Thete was no evidence that the APOE*2 allele modified the effects of atheroscle-
rosis with regard to the MMSE score at follow-up (data not shown).

Possible confounders and modifiers

When, in addidon to age and gender, adjustments were made fot a positive family
history of dementia, the findings wege very similar for all analyses described above.
Finally, in all analyses effect modification by gender was studied. No major differ-
ences were observed between men and women.

Discussion

We investipated the association of APOL, atherosclerosis and cognitive decline in a
population-based follow-up study of 838 subjects. Both APOE*4 carriers and per-

Table 6 ~ Difference in MMSE score at follow-up according to the presence or absence
of APOE*4 and the atherosclerosis score*

Atherosclerosis score Atherosclerosis score Atherosclerosis score
zero one two
APOE*4- reference 0 (-0.4 t0 0.4) 0.2 (0.5 10 0.2)
n=129 n=173 n=280
APOE 4+ 0.2 (0.7 to 0.4) 0.3 (0.9 to 0.2) Q.7 {-1.1 to -0.2)
=55 n=69 n=113

* Atherosclerosis score Is zero in those with no indicator of atherosclerosis positive, one in per-
+ sans with one indicator positive, and two in those with two or more indicators positive;
values are means {95% confidence interval) adjusted for age, gender and education level.
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sons with evidence of atherosclerosis had a lower MMSE score at follow-up. When
studied simultaneously, we found mild, non-signtficant effects for atherosclerosis in
the absence of APOE*4 and for APOE*4 in the absence of atherosclerosis. Persons
with both APOE*4 and evidence of atherosclerosis at several sites performed sig-
nificantly worse on the MMSE as compared to those with neither risk factors. Fur-
thermore, the effects of both atherosclerosis and APOE*4 were found to be
stronger than expected from the sum of the separate effects.

In this study, cognitive function was assessed by the MMSE. Although originally
developed as a screening tool for dementia, this test has been shown to be suitable
also for studies on cognition in non-demented community residents.30 ‘The differ-
ences in MMSI score that we obsetved were relatively small and may not be relevant
for an individual, but can be important on a population level3! To estimate the pres-
ence of atherosclerosis, we used indicators which have been well validated. 2527 Nev-
ertheless, some misclassification may have occurred. Since all examinations were per-
formed without knowledge of the other measurements, any misclassification is most
likely nondifferential and will therefore result in an underestimation of the true effect.
An advantage of our study is the prospective design. Since APOE may be related to
the survival of patients with dementia %16 we included only subjects who were not
demented at baseline. In this study the follow-up period was relatively short, on aver-
age 2.9 years. Hence, loss to follow-up due to mortality, which may be related to the
APOE genotype,'®12 was limited.

Similar to our findings, others found that APOE*4 may be a risk factor for cog-
nitive decline.36 Diverse findings have emerged on the effects of APOE*2.56 We
found no difference between APOE*2 and APOE3E3 with regard to cognitive dete-
rioration. Furthermore, our findings suggest that athetosclerosis is not mote preva-
lent in carders of the APOE*4 allele, relative to persons with other APOE geno-
types, as has been suggested before.!¢12 In addition, we found that atherosclerosis
may be less common in catriers of the APOE*2 allele. Howevet, analyses on the
association between the APOE genotype and atherosclerosis were based on cross-
sectional data, and should be confirmed in follow-up studies.

One may hypothesize that atherosclerosis is an intermediate factor in the associa-
tion between APOE and cognitive decline. That is, APOE may be a determinant of
atherosclerosis,!®2 and atherosclerosis on its turn may be a determinant of impaired
cognitive function.’® We found no evidence for an increased prevalence of athero-
sclerosis in APOE*4 carriers compared to persons with other APOE genotypes.
Besides, in the absence of APOE*, cognitive performance was only mildly de-
creased in those with atherosclerosis compared to those without. Furthermote, we
found an mvetse association between APOE*2 and atherosclerosis, but not a better
cognitive petformance of APOE*2 carriers. These findings make it unlikely that
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atherosclerosis is an intermediate factor in the association between APOE and cog-
nitive decline.

Earlier, we reported that APOE*4 potentiates the relation between atherosclero-
sis in a series of prevalent patients with dementia.¥ In this prospective study we ad-
dressed the question whether the effects of APOE*4 and atherosclerosis on cogni-
tive decline are independent. We found small, non-significant effects on the MMSE
score for atherosclerosis in the absence of APOI*4 and for APOE*4 in the absence
of atherosclerosis. ‘The observation that the consequences of both APOE*4 and
atherosclerosis were worse than the sum of the effects of these two factors separate-
ly, suggests a synergistic effect of the APOE*4 allele and atherosclerosis.

The presence of atherosclerosis in the brai itself is difficult to investigate during
life. However, the indicators we used are strongly associated with cerebral white
matter lesions, as has been shown in a study using Magnetic Resonance Imaging of
the brain.?> These white matter lesions are associated with cerebral arteriosclerosis,
hypoperfusion, and ischaemia32% Our study may indicate that the cognitive conse-
quences of these cerebral lesions may be more pronounced in carders of the
APOE*4 allele, compared to persons without APOE*4. In line with our findings,
there is evidence from studies in rats that apolipoprotein E plays a role in the re-
sponse to cerebral ischaemia 3 Furthermore, APOE#*4 cartiers may have a less favor-
able outcome after intracerebral hacmorrhage, as compared to subjects without
APOE*4.55 Moteover, APOE may play a role inn reinnervation after neuronal loss 3637

In conclusion, this follow-up study suggests that in particular APOE*4 carsiers
with atherosclerosis are at increased risk of cognitive decline. We found mild, non-
significant effects on copnitive petformance for atherosclerosis in the absence of
APOE*4 and for APOE*4 in the absence of atherosclerosis. Our findings are not
compatible with the view that atherosclerosis is an intermediate factor in the associa-
tion between APOE#4 and cognitive decline. An impottant clinical and public heaith
issue will be whether the development of dementia of APOFE*4 carriers may be pre-
vented by intervention on vascular risk factors.
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The role of apolipoprotein E
and atherosclerosis in dementia

Abstract

The APOE*S allele of the apolipaprotein E gene (APOE) may increase the risk of both dementia
and atherosclerosis, whereas the APOEX2 allele seems to have opposite effects. Atherosclerosis was
suggested fo be a risk factor for dewentia, particrlarly in APOEX carriers, We investigated the
combined effects of the APOE genotype and atherosclerosis in demientia with recent onset, In a
population-based setting, 244 dewentia cases with recent onset were compared fo 1002 non-demented
controls; atherosclerosis was assessed using non-invasive measiremsents. We found that the association *
between the APOE genotypes and demsentia, did not essentially alter when adjustments were made
Jor atherosclervsis or other vascilar factors. Atherosclervsis seems thersfore not to be an inferniediate
Jactor in the assaciation of APOE with dementia. In addition, we observed a synergistic effect of
APOEX and atherosclerosis on the risk of dewentia. Ounr findings contribute to the growing ev-
desce that APOE is invelved in the response to corcbral damrage.

Introduction

It is now well known that the apolipoprotein E gene (APOE) plays a role in the de-
velopment of dementia. While the APOE*4 allele increases the risk, the APOE*2
allele may exert a protective effect.t? Atherosclerosis is another common risk factor
for dementia? in which the APOE genotype seems to be involved as well#5 The
APOLE*4 allele was found to increase the tisk of atheroscletosis, although not in all
studies.%3 APOE*2 on the other hand appeared to be inversely associated with athe-
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rosclerosis. ¥ Therefore, it can be hypothesised that the effects of the APOE poly-
motphism on dementia (partly) result from its effects on atheroscletosis. A synergis-
tic interaction has been observed for APOE*4 and atherosclerosis on the prevalence
of dementia.? However, this cross-sectional study may have been subject to selective
mortality, as the APOE genotype was observed to be related to sutvival in AD.S

The aim of this study is to investigate whether APOL is related to dementia, in-
dependent of its association with atherosclerosis. In addition, we wanted to further
investigate the combined effects of atherosclerosis and APOE*4 in dementia, These
issues were explored in a population-based setting on dementia patients with recent

onset.

Methods

Study population

This investigation forms patt of the Rotterdam Study, a population-based prospec-
tive follow-up study among elderly aged at least 55 years.” Approval was given by the
local Medical Ethics Committee, and all subjects gave informed consent. Participants
were trecruited from 10275 eligible residents of a subutb of Rotterdam, including
institutionalised persons. A total of 7983 patticipants (tesponse rate 78%) were ex-
amined at baseline. Of these, 7528 persons (94%) were cognitively tested, and 474
appeared to be demented.® At follow-up, after an average of 2.1 years (SD 0.9 years),
6315 persons (79%) wete re-examined; 768 subjects (10%) had died, 106 (1%) were
inaccessible and 794 (10%) refused to participate. Follow-up of all subjects who were
not examined inh petson was completed by evaluating medical files. Of the 7054 par-
ticipants who wete non-demented at baseline, 162 subjects were found to be de-
mented at folow-up.?

The analyses presented hete are restricted to dementia cases with onset within 3
yeats befote examinations for this study, in order to limit any selective survival, asso-
ciated with APOE or atherosclerosis.3¢ The controls were a random sample of par-
ticipants in the Rotterdam Study, who were screen-negative for dementia at follow-

“up. As persons with missing data on atherosclerosis or the APOE genotype wete
excluded, this resulted in a stady population of 244 dementia cases (157 prevalent
and 87 incident patients) and 1002 non-demented controls.

Dementia diagnosis

For the assessment of dementia, the same protocol at baseline and at follow-up was
used.3? Briefly, all subjects wete screened on cognitive functioning. Screen positives
undenwent further neuropsychological testing, and an informant was interviewed on
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daily functioning of the participant. Persons who were suspected of dementia, were
examined by a neurologist, underwent neuropsychological testing, and, if possible,
had a Magnetic Resonance Imaging (MRI) brain scan made.2? Of subjects who could
not be re-examined in person, information was obtained from general practitioners
and the regional institute for outpatient mental health care (RIAGG), which covers
the entire study population. In the Netherlands, the RIAGG is consulted for social
and psychiatiic problems and is responsible for dementia-care-facility indications.
Examinations by the RIAGG include (informant) interviews, neurological and neu-
ropsychological testing, blood biochemistry and syphilis serology.

The diagnosis of dementia was made by a panel of study physicians, a neurologist
and a neuropsychologist, which reviewed all existing information and used Diagnos-
tic and Statistical Manual of mental disorders (DSM-III-R) criteria.’® A diagnosis of
AD and vascular dementia (ValD) was based on criteria of the National Institute of
Neurclogical and Communicative Disorders and Stroke and Alzheimer’s Disease and
Related Disorders Association (NINCDS-ADRDA),! and of the National Institute
of Neurological Disotders and Stroke and Association Intetnationale pour la Re-
cherche et I'Enseighement en Neurosciences (NINDS-AIREN).1? Cetebrovascular
disease was recognised by a history of stroke, evident transient ischaemic attack, or
evidence of vascular damage on brain scans.

Measurements

At study entry, people were interviewed about attained level of education and health
status, using a computerised questionnaire. Height and weight were measured, and
body mass index was calculated.

At baseline, the presence of atherosclerosis in the common carotid arteries
(CCAs) was assessed ultrasonographically with a 7.5 MHz linear-array transducer and
a Duplex scanner (ATL UltraMark IV). Both CCAs were evaluated for the presence
of atherosclerotic plaques, defined as a focal widening relative to adjacent segments
with protrusion into the lumen, as described previously.!? In addition, the inti-
ma-media thickness of the distal patt of both CCAs wetre measured and averaged, as
described before.!’ The presence of plaques as well as an increased CCAs intima-me-
dia wall thickness ate indicators of generalised atherosclerosis.’® At baseline, athero-
sclerosis of the arteries of the lower extremities was assessed by the ratio of the ankle
to brachial systolic blood pressure (ankle-arm index). A decreased ankle-arm index is
a measure for peripheral atherosclerosis.’ Arm blood pressure was measured in sit-
ting position at the right upper arm with a random-zero sphygmomanometer, and
the average of two measurements obtained at one occasion was used. Ankle systolic
blood pressure was determined with the subject in supine position at both the right
and left posterior tibial artery using also a random-zero sphygmomanometer and a
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Doppler ultrasound transducer. The analyses were based on the lowest of the an-
kle-arm index on the left and the rght side.

APOE genotyping was performed on coded DNA samples without knowledge
of the diagnosis, as described elsewhere.! The results were read by three persons in-
dependently. In case of discrepancies, APOE genotyping was tepeated. Serum total
and high density lipoptotein (HDL) cholesterol wete determined with an automated
enzymatic procedure, !¢

Statistical analysis

The relative risk of dementia or its subtypes was studied as an odds ratio (OR) in a
multiple logistic regression model, and presented with a 95% confidence interval
(95% CI). To overcome confounding, in all analyses adjustments were made for age,
sex and education fevel. Education was dichotomised as primary school or less, and
mote than primary school. To study atherosclerosis, a composite measure was used,
as defined before.® Briefly, a point was added to this score if the following character-
istics were present: plaques in at least one of the CCAs, an average CCA intima-me-
dia wall thickness in the highest quartile of the distribution in the Rotterdam Study,
ot an ankle-arm index less than 0.93 This atherosclerosis score was analysed in four
categoties, corresponding to score values of 0-3, with a zero score as the reference.

To study whether the APOE polymorphism is associated with dementia, inde-
pendent of atherosclerosis, we put both the APOE genotypes and the atherosclerosis
scote in the model. This model was extended with the following vascular factors:
systolic blood pressure, diastolic blood pressure, body mass index, total and HDL
cholesterol, in order to study effects of APOE irrespective of possible intermediate
vasculat factots.

To investigate the combined effect of APOE and atherosclerosis, the study
population was dichotomised according to the atherosclerosis scote, to yield maxi-
mum statistical power, and classified into 4 groups: (1) APOE3E3 catriers with an
atherosclerosis of 0 or 1 (reference group); (2) Cartiers of APOE*4 with an athero-
sclerosis score of 0 or 1; (3) APOE*3 homozygotes with an atherosclerosis score of
2 ot 3; and (4) APOE*4 carriers with an atherosclerosis of 2 or 3. Possible interac-
ton was studied according to the principles as described by Rothman.!%18 Briefly,
interaction of factors A and B was considered to be a departure from additivity, and
judged to be present if:

(ORME» - ORM&) - (ORA-B% - !) >0,

The combined effects of APOE2E2 ot APOE2E3 and atherosclerosis wete studied
similatly, As no major differences were observed between men and women, our ob-

servations are presented for all.
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Results

The distribution of the APOE genotype was in all subgroups in Hardy-Weinberg
equilibrium. Some chatacteristics of the study population ate presented in bk 7.
Dementia patients were older, included a higher proportion of women and were
lower educated than the controls, Besides, demented cases had, on average, a higher
systolic blood pressure, a lower body mass index, a lower serum cholesterol level,
and a highet atherosclerosis score.

Table 2 shows the association between the APOE genotypes and dementia, as
well as its main subtypes, ADD and VaD (model 1). As expected, catriets of the
APOE*4 jllele were at increased tisk of dementia,. The APOE2E3 genotype was
inversely related to dementia, AD and VaD, although not statistically significant. The
addition of the atherosclerosis score to the model, did not essentially alter these ob-
servations (model 2). Futther adjustment fot other vascular factors, i.e. systolic blood
pressure, diastolic blood pressure, body mass index, total and HDL cholesterol, did
not change risk estimates either (not shown).

Tablk 3 shows the combined effects of APOFE*2 and atherosclerosis on dementia,
AD and VaD. We did not observe a clear interaction between APOE*2 and athe-
rosclerosis. Among persons with an athetosclerosis score of 2 or 3, the odds ratio for
AD in APOE*2 was lower than in petsons with APOE3E3 (1.2 versus 2.0). How-
ever, the estimate in APOE*2 carriers is rather imprecise, as the confidence interval

is wide.

Table 1 - Baseline characteristics of the study population*

All dementia Controls
n=244 n=1002
Age (SD) 82.4 (7.5) 68.7 (7.9)
Women 07% (164} 60% (604)
Primary education only 58% (129) 23% (225)
Systolic blood pressure in mmHg 142.3 (24.1) 136.3 (20.7)
Diastolic blood pressure in mmHg 70.8 (14.2) 71.1{10.5)
Body mass index in kg/m? 25.6 {3.9) 26.6 (4.0)
Total cholesterol in mmmol/L 6.26 (1.16)} 6,69 {1.22)
HDL cholesterol in mmmol/L 1.34{0.38) 1.34 {0.38)
Atherosclerosis score G 30% (74) 67% (670)
Atherosclerosis score 1 24% (58) 21% (215)
Atherosclerosis score 2 29% {71} 9% (87)
Atherosclerosis score 3 17% (41} 3% (30)

* Values are unadjusied means (SD) or percentages (numbers), based on all available
information.
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Table 2 - Odds ratios for dementia associated with apolipoprotein E genotypes: adjustment for atherosclerosis*

Apolipoprotein E

Dementia

Alzheimer's disease

Vascular dementia

Model 11 Model 2*

Model 1t Modet 2*

APOE2E2
APOE2E3
APOE2E4
APOE3E3
APOE3E4
APOE4E4

1.7(03t101)  2.1(03to 13.4)

0.6 (0.4 to 1.2) 0.7 (0.4 to 1.4)

3.6(1.11t01.2) 3.9(1.2-12.6)
1 (reference) 1 {reference}

1.6 (1.0 to 2.5) 1.7 (1.1 to 2.7)

15.0 (5.9 to 8.6) 15.2 (5.9 t0 39.4)

1.0 (0.1 to 11.9)
0.6 ({03 1t0 1.1}
1.5 (0.3 to 6.4)
1 (reference)
1.5 (0.9 to 2.5)
17.2 (6.2 to 8.0)

1.2 (0.1 to 14.4)
06 (0.3t0 1.3)
1.6 (0.4 to 7.00
1 {reference)
1.5{0.9 to 2.6)

17.1 (6.1 to 48.4)

0501019} 0.6(0.21t0 2.5)
7.2(1.5t0 3.5} 16.9 (3.4 10 83.2)
1 (reference) 1 (reference)
18081039 22(1.0to5.1)

* Values are odds ratios (35% confidence intervals), and number of patients/controls;

' Model 1: adjusted for age, sex and education level;
¥ Model 2 includes in addition the atherosclerosis score, systolic blood pressure, diastolic blood pressure, body mass index, total and HDL cholesterol,



Table 3 — Odds ratios for dementia and Alzheimer’s disease associated with both atherosclerosis and APOE*2*

Dementia Alzheimer's disease Vascular dementia
Atherosclerosis APOE3E3 APOE*2+ APQOE3E3 APOE" 2+ APOQE3E3 APQE*2+
ScoreQor 1 1 {reference 0.7 (0.4 0 1.2) 1 (reference) 0.8 (0.4 to 1.5} 1 (reference -
61/490 18/148 47/490 15/148 3/490 0/148
Score 2 or 3 2.1 (1310 3.2) 2.1 (0.8 t0 5.5) 2.0{1.3t0 3.3} 1.2 (0.3 to 4.1} 4.1(1.3t0 134} 5.7{0.7 to 49.5)
60/76 11/13 44776 5/13 4/76 1/13

* Values are odds ratios (95% confidence intervals) adjusted for age, sex and education level, and number of patients/controls.

Table 4 - Odds ratios for dementia and Alzheimer’s disease associated with both atherosclerosis and APOE*4*

Dementia Alzheimer's disease Vascular dementia
Atherosclerosis APOE3E3 APOE 4+ APQOE3E3 APOE*4+ APOE3E3 APQE* 4+
Score O or 1 1 (reference 2.1 (1.4 to 3.1) 1 (reference) 2.2 (1.5t0 3.4) 1 (reference 2.3 (1.1t0 5.3)
61/490 53/247 51/490 46/247 51/490 0/148
Score 2 or3 2.6 (1.7 to 4.0) 73 (3.9 10 13.4) 25(1.6t040) 68(3.6t0129) 59(2.81t012.4) 124 (49t 31.1)
60/76 41/28 50/76 31/28 50/76 31/28

* Values are odds ratios (95% confidence intervals) adjusted for age, sex and education level, and number of patients/controls.
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As shown in 7ablke 4, the effects of both APOE*4 and atherosclerosis on dementia
were stronger than the separate effects. APOE*4 with an atherosclerosis scote of 0
or 1, was related to an increased risk of all dementia, AD and VaD. The same held
true for APOE3E3 with an atherosclerosis score of 2 or 3. However, the highest
odds ratio for all three outcomes was observed in APOE*4 catriers with a score of 2
ot 3. This odds ratio could not be explained by an asymmetric distribution of homo-
zygotes for APOE*4 across the strata of the atheroscletosis score. For dementia, the
interaction effect was (7.3 - 2.1) - (2.6 - 1) = 3.6 (95% CI -1.3 to 8.5). Similatly, the
interaction effect for AD was 3.1 (95% CI -1.9 to 8.1), and for Val> 5.2 (95% CI -8.5
to 18.9). Restriction of the cases to incident patients only, did not essentially change
our obsetvations,

Discussion

We found that the association between the APOE genotypes and dementia, did not
essentially alter when adjustments were made for atherosclerosis or other vascular
factors. In addition, the combined effects of atheroscletosis and APOE*4 were
stronger than the sum of the separate effects, although this did not reach statistical
significance.

A drawback of this study is the lack of autopsy confirmation of the diagnoses of
dementia subtypes. However, with clinical examination alone, approximately 90% of
AD cases are diagnosed correctly.!? Another issue is the assessment of atherosclero-
sis, which may have been subject to misclassification. It should be noted that all ex-
aminations were performed without knowledge of the other measurements. There-
fore, any measurement error that occurred is random, and most likely resulted in an
underestimation of the true relationship. All the indicators of atherosclerosis are reli-
able estimates of generalised athersclerosis. 15 Duying life, it is difficult to assess the
presence of atherosclerosis in the brain. However, the methods that were used in this
study ate strongly associated with cerebral white matter lesions, as observed with
MRI® These lesions ate believed to reflect arteriosclerosis, hypoperfusion, and
ischaemia?! A further advantage of our study is that it is population-based with high
response rate and complete follow-up. Survival bias was limited by including subjects
who deceased during follow-up, and because the study population was restricted to
patients with recent dementia onset.

Our estimates of the odds ratio for dementia associated with the APOE geno-
types are in line with previous reports.? We confirmed the elevated risk of AD for
persons with the APOE2E4 genotype;? the high odds ratio for VaD is inaccurate, as
the confidence interval is wide. The APOE2E3 genotype was found to be inversely
related to all dementia, AD and VaD, although this did not reach statistical signifi-
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cance. The putative protective effect on atherosclerosis by the APOE*2 allele,** did
not explain this inverse association between APOE2E3 and dementia, as adjusting
for atherosclerosis or other vascular factors did not make a difference, Adjustments
for vascular factors did not alter the APOE*4 related odds tratios for dementia either.
These observations show that atherosclerosis seetns not to be intermediate in the
association between the APOE genotypes and dementia.

We did not observe an obvious interaction between APOE*2 and atheroscletosis
in dementia. By contrast, we could extend the previously repotted interaction be-
tween APOE*4 and atherosclerosis in dementia, to a larger group of demented pa-
tients with recent onset. A synergistic effect on cognitive decline has also been re-
ported between APOE*4 and athetoscletosis,? and between APOFE*4 and cerebro-
vascular disease.? Furthermore, there may be a synergistic effect of white matter le-
sions and APOE*4 in the development of dementia.?* These findings ate in line with
post-mortem studies, which showed that APOE*4 is related to neuropathological
characteristics of AD,? and that the AD neuropathology is especially related to clini-
cal dementia in the presence of cerebral infarcts.?

Therefore, the cognitive consequences of cerebrovascalar damage seem to be
morte severe in carriers of the APOE*4 allele than in persons without this allele. This
hypothesis is suppotted by a growing body of literature that APOEF is involved in the
response to cerebral injury.?? The effects of APOE may be through various
mechanisms, which are not necessatily exclusive. These include the reinnervaton
after neuronal injury, protection against oxidative insults and the modulation of in-
flammation.? Interestingly, transgenic mice carrying human APOE*4 were shown to
have larger infarct volumes after cerebral ischaemia than mice with human
APOE*3.28 With the exception of /# #ifro experiments on apoE in oxidative stress,’
we are not aware of other reports that could exphin the inverse association of
APOE#2 with dementia.

In conclusion, our study suggests that atherosclerosis is not an integmediate fac-
tor in the association between the APOE genotype and dementia. The putative syn-
ergistic effect of APOE*4 and atherosclerosis on the risk of dementia, contributes to
the growing evidence that APOE plays a role in the response to cerebral damage.
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Smoking, apolipoprotein E
and the risk of dementia

Abstract

Background Prewions studies snggested a profective effect of smioking on Alzheiner’s disease.
Lhese stndies were mostly case-contro! siudies based on prevalent cases. Prospective studies on the
risk of dementia associated with swoking ave scarce and Inconclisive.

Methods W2 performied a population-based follow-up study of 6870 elderly who were initially
Jree of dementia. Smoking history was obiained af baseline and subjects were classified as never
smiokers, Jormer smokers, and curreni smokers. Conmiplete ascertainment of cases with incident
denmentia was prvsued. Using never smiokers as the reference, refalive visks were calenlated with
Cox proportional hazards regression, adjusting for age, sex, education, and alcohol intake. We
exanmined modification by age, sex and apolipoprotein E (APOE) genotype.

Findings During an average follow-np of 2.1 years, 146 incident cases of dementia were de-
tected, of whom 105 had Alheimer’s disease. Smokers had a more than fvofold increased risk
of dementia (refative risk (RR) 2.2; 95% CI 1.3 fo 3.6), and Alzheimer’s disease (RR=2.3;
95% CI 1.3 to 4.1). Swoking appeared a strong risk factor of Algheimer’s disease in those
withont the APOE*4 alfele (RR=4.6; 95% CI 1.5 fo 14.2), whereas no effect was observed in
subyects with the APOEX alfele (RR=0.6; 95% CT 0.1 10 4.8).

Interpretation This prospeciive study did ol confiom resulls from previous studies, which
snggested a general protective effect of smoking on dementia and Algheimer’s disease. Smoking
was associated with a denbling of the risk of dementia and Algheimer’s disease. Carviers of the
APOE* allele had ne increased risk, snggesting interaction betveen smoking and the APOE
genotype in the aetiology of Alzheimer’s disease.
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Introduction

Dementia is a frequent disorder with immense impact on quality of life. Its preva-
lence increases exponentially with age to at least 30% in people aged 85 years and
over.! Alzheimer’s disease and vascular dementia ate the major subtypes of dementia,
and account for about 90% of patients.! Smoking has both been related to vascular
dementia and Alzheimer’s disease. As an important tisk factor for cardiovascular
diseases,?? smoking is supposed to increase the gsk of vascular dementia* In con-
trast, ah inverse association has been observed between smoking and Alzheimer’s
disease.’ In a study on eatly onset Alzheimer’s disease this possible protective effect
of smoking was found to be limited to carriers of the apolipoprotein E4 allele
(APOE*4).6 Although there are several possible explanations for a protective effect
of smoking on Alzheimer’s disease,>S it is also conceivable that findings in previous
studies were the result of bias.” Also, smoking strongly increases mortality and smok-
ers who survive till later age may be a more selected group than contemporaneous
non-smokers 8

We performed a prospective population-based study of the association of ciga-
rette smoking with dementia and Alzheimer’s disease, while considering the effects
of age, sex and the APOE genotype.

Methods

Study population

The Rotterdam Study is a community-based prospective cohort study among pet-
sons aged 55 years and over,? for which approval was given by the local Medical
Ethics Committee. All 10275 residents of a subutb of Rotterdam over the age of 55
years were eligible and of those 7983 (78%0) participated and gave informed consent
and permission to obtain medical information from treating physicians. Baseline ex-
aminations took place from 1990 to 1993 and comprised a home interview and
medical examinations at the study centre or, for institutionalised persons, at their
institution. At baseline, 7528 persons (94%) wete evaluated fot dementia,! of whom
474 were diagnosed with dementia and excluded from the present study. Of those
without dementia an additional 184 were excluded because of missing data on
smoking history. The remaining 6870 subjects wete followed-up for an average of
2.1 years (range 1.5-3.4), until the second round of examinations. Duting this follow-
up period 429 patticipants (6.2%) died. Another 962 subjects (14.0%) were not re-
examined because of refusal or severe illness. Follow-up of all subjects who were not
examined in person was completed by evaluating their medical files.
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Dementia diagnosis and measurements

For the assessment of dementia the same protocol was used at baseline and at fol-
low-up, as described in more detail elsewhere 110 Briefly, all subjects were screened
with a brief test of cognition (Mini Mental State Examination!! and the Geriatric
Mental State schedule, organic leveli?), Screen positives underwent further cogpitive
testing, and an informant was interviewed on daily functioning of the participant.
Persons who were suspected of dementia, wete examined by a behavioural neurolo-
gist, underwent neanropsychological testing, and if possible had a brain scan made by
magnetic resonance imaging, 4 Of subjects who could not be re-examined in per-
son, information was obtained from general practitioners and the regional institute
for outpatient mental health cate (RIAGG), which covers the entire study popula-
tion. In the Netherlands, the RIAGG is responsible for dementia-care-facility indica-
tions. Examinations by the RIAGG include (informant) interviews, neurologic and
neuropsychologic testing, blood biochemistry and syphilis setology. We avoided mis-
diagnosing terminal decline for dementia by not diagnosing dementia in subjects with
unexplained mental deterioration withins half a year before death.

The diagnosis of dementia was based on Diagnostic and Statistical Manual of
mental disorders (DSM-TII-R} criteria,'* and made by a panel of study physicians, a
neurologist and a neuropsychologist, which reviewed all existing information. A di-
agnosis of Alzheimer’s disease and vascular dementia was based on criteria of the
National Institute of Neurological and Communicative Disorders and Stroke and
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA),™* and
of the National Institute of Neurological Disorders and Stroke and Association In-
ternationale pour la Recherche et PEnseignement en Neutosciences (NINDS-
AIREN).15 Alzheimer patients were further classified into those with and without
cerebrovascular disease.™ For other dementias, DSM-III-R criteria were used.!?
Cerebrovascular disease was recognised by history of sttoke or transient ischaemic
attack, or by evidence for cerebrovascular lesions on brain scans.

At baseline, participants were asked about their present and former smoking hab-
its. People who smoked cigarettes were asked for the age at first smoking, for the
duration of interval periods without smoking, and for average daily number of ciga-
rettes smoked. Former smokers were asked about starting age, interval periods with-
out smoking, age at quitting, and average daily number of cigarettes smoked. Subjects
were also asked about attained level of education and, as part of a detaded food fre-
quenicy questionnaire, about their average daily alcohol consumption.'6

APOE genotyping was performed on coded DNA samples without knowledge
of the diagnosis for subjects who developed dementia (DNA available for 122 sub-
jects) and a random sample of 1428 non-demented patticipants. The polymerase
chain reaction product was digested with the restriction enzyme Flbal, and fragments
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were separated by electrophotesis.!” The results of the APOE typing wete read by
three persons independently. In case of discrepancies, APOE genotyping was re-
peated.

Data analysis

Cigarette smoking at baseline was categorised into never, former and current smok-
ing. The number of pack-year exposure was calculated by the average daily number
of cigarettes divided by 20 and multiplied with the number of years smoked. In all
analyses never smokets were used as reference category. The relative risk of dementia
by smoking was calculated with Cox proportional hazards regression, and presented
with a 95% confidence interval (95% CI). Age at onset of dementia was taken to be
the midpoint between baseline age and age at diagnosis. For non re-examined cases
without known age at diagnosis, onset age was defined as the midpoint between
baseline age and age at the end of the follow-up petiod. For non re-examined sur-
viving subjects the follow-up ended at December 31, 1994.10 Since age is a major
determinant of dementia and age-distributions differed by smoking status, age was
adjusted for by including linear and squared baseline age in the models. Sex, educa-
tion and alcohol consumption were judged to possibly confound the association and
therefore added to all models. Because in our data only primaty education was asso-
ciated with incident dementia, education was dichotomised into primary school or
less, and more than primary school. Daily alcohol intake, expressed in grams of pure
alcohol per day, was added as contitiuous vatiable,

We also investigated whether the smoking related tisk of dementia was modified
by the APOE genotype. The APOE genotype was available for 122 of those who
developed dementia and a random sample of 1428 non-demented participants. Data
were analysed as a nested case-control study using logistic regression analysis, Cot-
rections for age, sex, education and alcohol intake were made similatly to the above
models. Length of follow-up was considered to possibly affect the association be-
cause the probability of developing dementia increases with duration of follow-up,
wheteas smoking may increase mortality. Therefore, we added duration of follow-up
as a continuous variable to the logistic regression models.

Results

Table T summatrises characteristics of the study population, More than half of all
womnen had never smoked, whereas more than haif of the men had stopped smoking
cigarettes. Smokers were on average younger: than never smokers. Those who never
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Table 1 — Baseline characteristics of the study population by gender and status of cigarette smoking.

Total (n=6870)

Men (n=2776)

Women (n=4094)
Never Former Current Never Former Current Never Former Current
smokers smokers smokers smokers smokers smokers smokers  smokers smokers
Proportion 39.1% 40.1% 20.7% 16.4% 58.6% 25.0% 54.6% 27.6% 17.8%
Age (years) 71.9(9.9) 683(80) 66.4(76) 69.8 (9.8) 68.2(7.7) 67.1(7.9 72.3(9.9) 6B.5(8.5) 657(7.3)
(sD)
Primary education 29.9% 19.4% 22.4% 15.0% 15.5% 18.5% 32.9% 25.0% 26.1%
only
Alcohol intake 56(9.8) 122(15.3) 15.1(19.8) 12.3(15.2) 158(17.2) 21.0(23.6) 42(76) 71(10.2) 99(13.7)
{gram/day)




Table 2 - Relative risk of dementia by baseline cigarette smoking, for the entire study population, women, and men™

Total study population

Men Women
Never Former Current Never Former Current Never Former Current
smokers smokers smokers smokers smokers smokers smokers  smokers  smokers
Adjusted for age 1 1.3 2.2 1 3.7 59 1 1.1 2.0
{and sex) ireference) {0.9102.0) (1.4to3.6) (reference) (1.1t012.7) (1.7t0 21.3) (reference) (0.7 t0 1.8) (1.0t0 3.7}
Adjusted for age, 1 1.4 2.2 1 39 58 1 1.1 2.0
alcohol intake, (reference) (0.91t02.0) (1.31t03.6) (reference) (1.1t 13.5) {1.61t0 209) (reference) (0.7to 1.8) (1.0to0 3.7)
education
(and sex)

* Relative risks with 95% confidence intervals.
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smoked more often had primary education only. Average daily alcohol intake was
higher among smokers than non-smokers.

The mean follow-up period was 2.1 years (range 1.5-3.4), and included 14761
petrson-yeats of observation. We detected 146 incident cases of dementia, of whom
105 (72%) had Alzheimer’s diseasc and 19 (13%) vascular dementia. The incidence
rates of dementia per 1000 personyears for the agegroups 55-64 years, 65-74 years,
75-84 years, and 85 years and over were 0.9, 2.7, 20.1, and 52.0. For men these fig-
utes were 1.1, 2.5, 18.6, 28.0 and for women 0.8, 2.7, 20.9, and 58.8, respectively.

Tabl 2 shows that smokers wete at increased tisk of dementia. Smoking increased
the risk of dementia for both men and women. In men, the relative small number of
cases in the reference category resulted in high relative risks, but these were rather
unstable. Smoking both increased the risk of Alzheimet’s disease and vascular
dementia (fable 3). The relative risk of dementia for current stnokers at baseline was
higher in persons who died or wete not re-examined than in participants who were
re-examined in person: 2.7 (95% CI 1.2 to 6.0) versus 2.0 (95% CI 1.0 to 3.7). The
mean age at onset of dementia for never smokers was 85.5 years. Both former and
current smokers were on average younger at dementia onset than never smokers
(respectively 4.1 years, 95% CI 1.7 to 6.6; and 8.6 years, 95% CI 5.2 to 12.1).

The total amount of pack-years smoked was available for 1368 (96%) of cutrent
smokers and for 2527 {92%) of formet smokets. For current smokers at baseline, the
relative risk of dementia was 2.5 (95% CI 1.1 to 5.5} for those who smoked less than
20 pack-years and 3.0 (95% CI 1.6 to 5.4) for those who smoked 20 pack-years or
more. For former smokers these figures were 1.5 (95% CI 1.0 to 2.5) and 2.1 (95%
CI 1.2 to 3.7), respectively.

The APOFE*4 allele modified the association between smoking and dementia
(table 4). In subjects without the APOE*4 allele, smoking increased the risk of de-
mentia substantially (RR=3.2; 95% CI 1.2 to 8.5). However, among carriers of

Table 3 - Relative risk of dementia subtypes by baseline cigarette smoking.*

Never Former Current
smokers smokers smokers
All Alzheimmer's disease (n=105) 1 (reference) 1.3 (0.81tc 2.1) 2.3 (1.3to 4.1}

Alzheimer's disease without CVD (n=88) 1 (reference) 1.4 (0.8 to 2.3) 2.1(1.1 to 4.0}
Alzheimer's disease with CVD (n=17) 1 (reference) 1.2 {0410 4.2) 3.9(1.0to 15.2)
Vascular dementia (n=19) 1 (reference} 1.4 (0.5 to 4.4) 2.2 (0.6 to 8.4)
Other dementia (n=22) 1 (reference) 1.5 (0.5 to 4.2) 2.1 (0.6 to 6.8}

* Relative risks with 95% confidence intervals, adjusted for age, sex, alcohol intake, and
education.
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APOE*4, there appeared to be no association between smoking and dementia
RR=1.4; 95% CI 0.3 to 5.6). This effect modification was more marked in Ale-
heimer patients with an increased relative risk of 4.6 (95% CI 1.5 1o 14.2) for subjects
without APOE*4 and a non-significantly decreased relative risk of 0.6 (95% CI 0.1 to
4.8} in those with APOE*4,

Discussion

In this latge prospective population-based study, people who smoked cigarettes were
at increased risk of dementia and Alzheimer’s disease. An elevated relative risk was
particulatly present for smokers without the APOE*4 allele.

The present investigation has several advantages over previous studies on smok-
ing and dementia.* Selection bias was avoided because the study was prospective and
population-based with a high response rate and complete follow-up. As smoking
habits were assessed before onset of dementia, major recall bias was avoided. It is
conceivable though, in particular because of our relatively short follow-up perod,
that some persons who developed clinical dementia duting the follow-up petiod had
already slight impairment of memory ot judgement at baseline. This may have re-
sulted in some misclassification of exposure status among cases. If this has occurred,
we consider it more likely that it concerned undetreporting rather than overrepotting
of smoking habits. Consequently, if any recall bias occutted, this most likely resulted
in an underestimation of the true effect. Survival bias was avoided by including sub-
jects who died duting follow-up. Howevet, case finding methods differed for sub-
jects that could be re-examined in person and those who could not, and as a result
we may have missed some very eatly cases in the latter group. Relative risks by

Table 4 - Relative risk of dementia and Alzheimer's disease by baseline cigarette
smoking and apolipoprotein F4.*

Never Former Current
smokers smokers smokers
All dementia
APQOE*4 absent (n=73) 1 {reference}) 1.9{0.8 1t 4.6) 3.2 (1.2 108.5)
APOE*4 present (n=49) 1 {reference} 1.0{0.3t0 3.3) 1.4{0.3 to 5.6)
Alzheimer’s disease
APOE*4 absent (n=57) 1 (reference) 2.4 (0.9 t0 6.5) 4.6 (1.5 to 14.2)
APOE*4 present (n=33) 1 (reference) 0.9{0.2 10 3.6) 0.6 (0.1 to 4.8}

*Relative risks estimated as odds ratios with 95% confidence intervals, adjusted for age, sex,
alcohol intake, and education.
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smoking were slightly higher in those who died, refused, or wete too ill to be re-ex-
amined, than in the re-examined group (2.7 versus 2.0). Because we possibly slightly
underdiagnosed dementia in the non-re-examined group, the actual difference may
even be larger. The higher relative risk of dementia in subjects who died or could not
be re-examined illustrates that survival bias may indeed have diluted the associadon
of smoking and dementia in previous, cross-sectional studies.

Educational level and alcohol intake are well-known cortelates of smoking habits,
and both have been invoked in relation to dementia as welt.13 When we adjusted for
these variables in the analyses, the smoking associated tisk of dementia remained
virtually unchanged.

The follow-up in this study was relatively short. The main disadvantage of this is
the limited number of incident dementia cases, which restricted the power in some
of our subanalyses. On the other hand, it facilitated both the complete follow-up of
the cohort and the use of identical screening and diagnostic procedures at baseline
and follow-up.

A limitation of the present study is the lack of autopsy confirmation of our Alz-
heimer’s disease dingnoses. Another problem is that Alzheimer’s disease pathology
and cercbrovascular disease are often concurrently present and it may be difficult,
both clinically and pathologically, to estimate their contribution to the development
of dementia.’> Although our clinical work-up was extensive and we adhered to com-
monly accepted and reliable criteria, we can not rule out that we misclassified the
dementia subtype in some cases.

Smoking increased the tisk of dementia for both sexes. The relative risks seemed
higher for men than for women. However, the number of never smoking men (the
reference group) was small, and among them only a few became demented. This led
to greater variability in relative risk estimates in men and the gender differences may
be due to chance. Possible effect modification between gender and smoking should
be looked at more closcly in further studies.

Most previous studies on smoking and dementia vsed prevalent cases and a case-
control design.® As reviewed by Lec, 4 out of 17 studies reported a significant inverse
relation between smoking and Alzheimer’s diseasc.’ Some earlier results may differ
from the present findings due to differing methods.” Of particular concern is the
definition of Alzheimer’s disease in the eatlier studies. Patients with coexisting vas-
cular disease may have been classified as ‘mixed” dementia. By excluding these from
the Alzheimer category, these studies may have selectively cleared cigarette smokers
from the cases, as smokers are more prone to vascular diseases.* However, we
found that smokers had also an increased risk of Alzheimer’s disease without cere-
brovascular disease. The few stadies which estimated the relation with vascular de-
mentia found, as we did, a positive association with smoking, 1920 A few studies have

135



Chapter 6.3

used incident cases to assess the risk of Alzheimer’s disease by smoking, with varying
results. 22 However, none of these looked at a possible effect-modification by
APOE genotype.

Smoking is a risk factor for vascular disease, including atherosclerosis and throm-
bosis.2? Reduction of cerebral perfusion is an acute effect of cigarette smoking, and
this may be harmful in eldetly with a comptromised cerebral citculation® In the
pathogenesis of Alzheimer’s disease, by far the most common dementing illness,
vascular involvement is probably more important than previously thought 2627

Van Duijn et al previously reported that the inverse association between smoking
and Alzheimert’s disease was limited to carriers of the APOE*4 allele$ In line with
that observation we found that the increased risk of dementia and Alzheimer’s dis-
ease associated with smoking was restricted to persons without this allele. Before
considering possible explanations for this apparent effect modification by APOL*#4,
one should consider that elderly smoking APOE*# carriers may be a selected group.
The APOE*4 allele not only increases the risk of Alzheimer’s disease but also of car-
diovasculat disease.”? Therefore, mortality may be disproportionately increased
among smoking APOE*4 carriers.” If atherosclerosis is indeed the intermediate fac-
tor in the association between smoking and dementia, various explanations could be
hypothesised for a modifying effect of APOE*4. Firstly, the presence of the
APOE*4 allele might alter the association between smoking and atherosclerosis.
However, in the Rotterdam Study the strength of the relation between smoking and
various indicators of atherosclerosis was similar for subjects with or without an
APOE*4 allele. Secondly, the APOE*4 allele may inhibit the association between
vascular damage and dementia. 'This is however in sharp contrast to the synergistic
effect that we observed between APOE*4 and atherosclerosis on the risk of demen-
tia.?? Thirdly, smoking may exert different and opposite effects on the risk of Alz-
heimer’s disease, being generally harmful through for example a vascular mechanism,
but also partly beneficial in selected individuals, especially in those who carry an
APOE*4 allele. This hypothesis may be supported by the observation that in Alz-
heimer patients cartiers of APOE*4 have fewer nicotinic teceptor binding sites and
decreased activity of choline acetyltransfetase, as compared to non-cariders of this
allele.?® Stoking could have some effects on the cholinetgic system, which might
counterbalance the selective impairment that was found to be associated with
APOE*4, including increasing the density of nicotine receptors or facilitating the
release of acetylcholine. 62

It conclusion, we found that for the majority of the population, namely those not
carrying the APOE*4 allele, smoking increased the risk of dementia and Alzheiner’s
disease. For subjects with the APOE*4 allele however, smoking was not associated
with an increased risk of dementia.
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The impact of the apolipoprotein E genotype
on myocardial infarction,
stroke, dementia and mortality

Abstract

The impact of the apolipoprotein B (APOE) genotype in vasonlar diseases, demientia and mortality
was assessed in 5290 elderly participants in a poputation-based sindy who were followed for, on av-
erage, 4.0 years. Subjects with the APOE4EA genofype had a higher visk of myocardial infarction
than perions with APOE3ES3, in particutar before 65 years of age. The incidence of stroke was not
strongly related lo the APOE polwmorphisnr. Althongh carriers of the APOE* allele were at
inereased visk of demientia, the contribution of APOE*E to the incidence of demwentia on a popula-
tion level was nrodest. This reflects the relaitvely low freguency of this allete. Mortality was overail not
telated to APOE, but increased in persons with either the APOE2EA or the APOFEAE4S geno-
type wha were younger than 65 years. Our study suggests that the APOE genotype does not play an
important role in wiorlality or the risk of vascilar diseases in the elderdy.

Introduction

The rapid developments in genetics have led to the discovety of non-traditional risk
factors for disease. One genetic vadation (polymorphism) with possibly large public
health implications is the apolipoprotein E genotype (APOE). The APOE gene has
three common alleles, APOE*2, APOE*3 and APOE*4. As compared to APOE*3,
the most cotnimon allele, APOE*2 is associated with lower serum levels of athero-
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genic lipoproteins, while APOE*4 has opposite effects.! Yet, studies on APOE and
vascular diseases have been contradictoty, particularly in older populations.2¢

The APOE genotype was found to be involved in Alzheimer’s disease,’® and
other, less common types of dementia.? Almost all studies on APOE and dementia
atre based on prevalent, clinic-based patient-series, which are subject to selection bias.
Reliable estimates of the risk of dementia, associated with the APOE genotypes, are
cutrently not available.

The APOE polymorphism has been suggested to be a determinant of longevity,
but the few reports on this issue are all based on case-control studies on the oldest
old.t1011 Te s thus unclear how APOE allele frequencies change with ageing, and
follow-up studies on the association of APOE with mortality are lacking.

The impact of the APOE genotype on major causes of morbidity and mortality
has never been studied simultaneously. The aim of this population-based single-cen-
tre follow-up study was to investigate the role of the APOE genotype in myocardial
infarcton, stroke, dementia and mortality.

Methods

Study population

The Rotterdam Study is a population-based prospective cohort study among persons
aged 55 years or over,!? for which approval was given by the Erasmus University
Medical School Ethics Committee. Participants were rectuited from 10275 eligible
residents of a suburb of Rotterdam, including institutionalised persons, A total of
7983 participants (response rate 78%) were examined at baseline. Duting follow-up,
information on vital status was complete for all participants. At the time of the pres-
ent study, follow-up on the occurrence of myocardial infarction or stroke was com-
plete for 7053 subjects (88% of the cohort). At the second wave, after an average of
2.1 years (SD 0.9 years), 6315 persons (79%) were re-examined; 768 subjects (10%)
had died, 106 (1%) were inaccessible and 794 (10%) tefused to participate. As pet-
sons with a yet undetermined APOE genotype were excluded (n1=20693, 34% of the
cohort), our study population comprised 5290 individuals.

Baseline measurements

At baseline, people were interviewed about their health status, drug use, and attained
level of education. Cognitive function was assessed using the mini-mental state ex-
amination (MMSE) and the geriatric mental state schedule (GMS).1*14 An electrocar-
diogram (ECG) was made, and digitally stored i 4854 participants of the present
study (92%). These ECGs were analysed by the Modular ECG Analysis System
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(MIEANS), which has been evaluated extensively.’s Missing ECGs were mainly due
to temporary technical problems. Blood was collected for laboratory analyses.

Follow-up procedures

The follow-up period for the present study ended in April 1996 {mean duration 4.0
years (SD 1.2)). The occurtence of myocardial infatction ot stroke was recorded in
4805 participants of the present study (91%). These events were reported by general
practitioners with a computetised surgery (85% of the participants). All reported in-
formation was verdfied by study physicians who inspected all available information.
In addition, the complete medical records of all participants in non-computerised
practices {other 15%)} were regulatly checked by research physicians,

All events were classified independently by two study physicians. In case of dis-
agreement, a conisensus was reached in a separate session. All events were verified by
an expett in the field of vascular or neurologic diseases. If the expert disagreed with
the research physician, the expert’s opinion was considered final.

Myocardial infarction

A myocardial infarction before baseline was diaghosed on the basis of ECG findings
and self-report. Besides, of subjects with self-reported myocardial infarction without
ECG evidence, and of persons with no self-report of myocardial infarction but with
ECG evidence, additional information was collected from the general practiioner or
cardiologist.’¢ Definite myocardial infarction was defined according to the general
practitioner, cardiologist or ECG (n=631 participants in the present study). Possible
myocardial infarction was based on self-report without verification by general practi-
tioner, cardiologist or HCG (n=32). As the first occurrence of a myocardial infarc-
tion was utilised, we excluded from the longitudinal analyses subjects with myocardial
infarction before baseline -(n:663), as well as those with missing data on a previous
myocardial infarction (n=345). Myocardial infarction during follow-up was diagnosed
in 87 of the remaining 3840 participants with complete follow-up, using the defini-
tions of the 10th revision of the Internatonal Classification of Diseases (ICD-10).17

Stroke

A stroke before baseline was determined on the basis of the question ‘did you ever
suffer from a stroke, diagnosed by a physician?” Signs and symptoms had to last
mote than 24 hours. Of the persons with an affitmative answer, the general practi-
tionet was asked fot supplementary information. To optimise prevalence data, medi-
cal records of subjects living in homes fot the eldetly, who were cognitively impaired,
were systematically reviewed.”® In total, 221 participants in the present study were
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identified with a stroke before baseline, who wete excluded from the longitudital
analyses. Persons with missing data on a stroke before baseline (n=207), were in-
cluded in the group of ‘no previous stroke’, as these groups appeared not to differ in
risk of stroke during follow-up. As there was no complete follow-up in another 471
patticipants, this resulted in a cohort of 4598 subjects at risk of stroke, of whom 154
cases wete detected. Stroke diagnosis was based on all available information,” using
ICD-10 criteria,1?

Dementia

Besides the above described reports during follow-up, dementia cases were identified
in the Rotterdam Study examinations. The same protocol was used by the same in-
vestigators at the first and second wave.1820 Briefly, all subjects were screened with
the MMSE and the GMS. Those suspected of dementia, were examined by a neu-
rologist, underwent neuropsychological testing, and if possible, neuro-imaging. Be-
sides, an informant was interviewed on daily functioning. Of subjects who could not
be re-examined in person, information was obtained from the regional institute for
outpatient mental health care (RTAGG).1820 The diagnosis of dementia was made by
a panel of study physicians, a neurologist and a neuropsychologist, which reviewed alt
information and used Diagnostic and Statistical Manual of mental disorders (DSM-
HI-R) criteria?! In the present study, 348 participants were demented at baseline, and
excluded from the longitudinal analyses, together with subjects whose dementia
status at baseline was uncertain (n=16). This resulted in a cohort of 4926 participants
in the present study at risk for dementia, of whom 134 patients were diagnosed as
demented duting follow-up.

Mortality

Information on the vital status of alt 5290 participants was obtained at regular inter-
vals from the municipal health authotities. Our studies on mortality are based on
21188 person-yeass of follow-up, in which 913 petsons died.

Laboratory analysis

APOE genotyping was performed on coded samples without knowledge of the
other measurements or diagnoses. Genotyping was petformed using a polymerase
chain reaction, as described in detail elsewhere.? Results were read by three persons
independently. In case of any discrepancies, APOE genotyping was repeated. Serum
total and high density lipoprotein (HDL) cholesterol were determined with an auto-
mated enzymatic procedure.?
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Statistical analysis

Differences in baseline charactetistics by the APOE penotypes were explored with
the chi-square test for categorical data, and an analysis of variance (ANOVA) was
used for continuous, normally distributed vatiables. Cox’ propottional hazards mod-
els were used to assess the relative risks (RR) of myocardial infarction, stroke, de-
mentia and death, which is presented with a 95% confidence interval (95% CI). The
APOL genotypes wete enteted in the model as dummy wvariables, using the
APOE3E3 group as the reference group. To adjust for confounding, age and sex
were added to models on myccardial infarction, stroke and dementia, In addition,
education level was added to models on dementia. For genotypes significantly related
to a certainn outcome, we nsed the population attributable risk to estimate the excess
rate in population that is attributable to that specific APOL genotype. The popula-
tion attributable risk was computed as the product of the difference in incidence rate
with the APOE3E3 group, and the propottion of subjects with the particufar APOE
genotype. To estimate the survival curves for the various APOE genotypes, we used
Kaplan-Meter analysis.

Results

The distdbution of the APOE polymorphistm in our study population was in
Hardy-Weinberg equilibrinm (X2=0.5; df=3; P>0.2). Descriptive statistics are pre-
sented in /#bk 1. As compared to the APOE3E3 group, persons with APOE2E3 had
on average lower total cholesterol levels and higher levels of HDL cholesterol. By
contrast, subjects with the APOI3E4 or APOE4E4 genotype had, a higher mean
total cholesterol level than persons with APOE3E3, and a lower level of HDL cho-
lesterol in serum. The APOL genotype was not related to a history of myocardial
infarction or stroke at baseline. Dementia was more prevalent at baseline among
APQOE*4 cartiers compated to persons without this allele.

Table 2 shows absolute and relative risks of myocardial infarction associated with
the APOE polymorphism. Persons with the APOEAE4 genotype were at increased
tisk of myocardial infarction (RR 2.1; 95% CI 0.8 to 6.0), in particular men and indi-
viduals younger than 65 years, although numbers in subgroups were small. Overall,
APOE3EA4 carriers had a similar risk of myocatdial infarction compared to persons
with the APOE3E3 genotype. The APOE2E3 group had a slightly lower risk of
myocatdial infarction (RR 0.7; 95% CI 0.3 to 1.5), but this did not reach statistical
significance. Similar findings were obtained when adjustments were made for both
total and HDL cholestetol. [For instance, the adjusted relative risk associated with
APOE4E4 was 2.1 (95% CI 0.7 to 5.8). Also when we analysed the isk of fatal myo-
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Table 1 - Baseline characteristics of the study population™

APOE2E2 APOE2E3 APOE2E4 APQE3E3 APOE3E4 APQOE4E4
n=41 n=693 n=143 n=3046 n=1229 n=133
Age - 713 (9.3) 69.6 (9.2) 69.1 (8.9) £9.9 (9.1) 69.8 (9.0} 68.3 (8.1)
Women 61% (25) 61% (428) 57% (81) 55% {1688) 55% (681) 54% {72)
Primary education only 31% (12) 26% (177} 21% (28) 25% (722} 26% (303) 21% {27}
Cholesterol tevel (mmol/L) 6.59 (1.68} 6.32 (1.31) 6.47 {1.17) 6.59 (1.19) 6.75(1.22) 6.81 (1.05)
HDL-cholesterol level (mmol/L) 1.30(0.33} 1.40 (0.38) 1.35(0.38) 1.33 (0.36) 1.31 (0.37) 1.29 (0.36)
Previous myocardial infarction 15% (6) 12% (81) 13% (18} 13% (393) 13% (151) 1% (14}
Previous stroke 3% (1) 3% (23) 8% (11) 4% (130} 4% [51) 4% (5)
Prevalent dementia 7% (3) 6% (40) 7% (10} 6% (177) 8% (98) 15% (20)

* Values are unadjusted means (SD) or percentages (numbers), based on all available information.



Table 2 - Risk of myocardial infarction associated with apolipoprotein E genotype™

APQE2E2 APOE2E3 APOE2E4 APQE3E3 APQE3E4 APOE4E4

Overall

Events/person-years 0/146 7/2176 3/452 51,9229 22/3659 4/395

RR (95% Cl) - 07(03t015) 13(0.4t04.1) 1 (reference) 1.0(0.6t01.7) 2.1 (0.8t 6.0)
Men

Events/person-years 0/64 4/720 2/197 29/3832 12/1540 3/175

RR (95% Cl) - 0.8 (0.3t02.2) 1.4 {0.3 t0 5.9) 1 (reference) 08(04t01.7) 2.4(0.7to8.0)
Women '

Events/person-years 0/82 3/1456 1/256 22/5397 10/2119 17220

RR (95% Cl) - 0.6 (0.2 to 2.1) 1.2 {0.2 to 9.0) 1 (reference) 1.2{06t02.7) 1.5(0.2t011.2)
Age tertile 1 (< 65 yrs}

Events/person-years 0/46 0/777 1/165 11/3470 5/1299 3/196

RR {95% Cl) - - 2.2 (0.3 t0 18.4) 1 (reference) 1.0(0.3t03.0) 4.0{1.1to 14.3)
Age tertile 2 (65-73 yrs)

Events/person-years 0/39 6/743 0/153 16/2919 9/1175 G/100

RR (95% Cl}) - 1.7 (0.7 to 4.4} - 1 (reference) 1.3 (0.6 10 3.2) -
Age tertile 3 (> 73 yrs)

Events/person-years 0/61 1/656 2/135 24/2840 8/1185 1/100

RR (95% Ci) - 0.2{0.0to 1.6) 2.1 (0.5 to 9.0) 1 (reference) 0.7 (03t 1.8) 1.4{0.2to0 10.7)

* Relative risk (RR) with 95% confidence interval (CI), adjusted for age and sex.
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cardial infaretion (n=23; excluding n=64 non-fatal myocardial infarctions), we ob-
tained rather similar findings, When subjects with missing baseline data on a previous
myocardial infarction were included (n=345), our findings did not change either.

As showt in fabk 3, the APOE genotype was overall not strongly related to the
development of sttoke during follow-up. Although petsons with the APOE4E4
genotype had a 1.4-fold increased risk, this did not reach statistical significance (95%
CI0.5 to 3.9). Also subjects with APOFE2E3 had a non-significantly increased risk of
stroke (RR 1.3; 95% CI 0.9 to 2.1), but this was not consistently increased over the
age stiata. The APOE3E4 genotype was associated with a 40% lower risk of stroke
in men, and with a 30% increased risk in women, but again, not statistically signifi-
cantly. We detected an increased risk of stroke in APOE2E2 carriers younger than 65
years, but numbers were small. No consistent differences were observed across age
strata. Furthermore, similar findings were obtained when restrictions were made to
fatal stroke ot ischaemic stroke,

Table 4 shows the absolute and telative risks of dementia for the vatious APORE
genotypes. Persons with the APOE4E4 genotype had a more than five-fold higher
risk of dementia than homozygotes for APOE*3, while heterozygotes for APOE*4
wete at an almost two-fold increased risk. The APOE2E3 genotype was associated
with a decreased risk of dementia, but not statistically significant (0.7; 95% CI 0.4 to
1.3). The relative risk of dementia associated with the APOE genotype was not con-
sistently different across strata of sex. Among men, homozygotes for APOE#4 had
an almost three-fold increased risk to become demented; women with the
APQOFAE4 genotype had an six-fold increased the risk of dementia. By conttast, one
APOFE#4 gllele was associated with a higher relative risk of dementia among men as
compared women. No major differences were observed between age strata. Al-
though the relative risk of dementia was highest in the APOEA4E4 group, the popu-
lation attributable risk was found to be higher in persons with the APOE3E4 geno-
type (1.35 per 1000 person-years), than in homozygotes for APOE*4 (0.50 per 1000
person-years). Thus, each year, an estimated 185 per 100000 individuals aged 55 or
ovet, may become demented as a consequence of carrying the APOE3E4 or
APOEA4E4 genotype instead of APOE3E3,

Table 5 shows that overall, mortality was similar between the APOE genotypes
(logrank=0.69; df=5; P=0.98). However, in the youngest age tertile, mortality was
almost two-fold increased in persons with the APOE2E4 or APOE4E4 genotype
relative to homozygotes for APOE*3,

To further explore the role of APOE in longevity, the fioure shows the APOE
allele frequencies in 5-years age strata of the study population, The APOE*4 allele
frequency decreased from 0.166 in 55 year-olds to 0.118 in subjects aged 90 or over.
The change in APOE*4 frequency was estimated to be -0.005 (95% CI -0.009 to
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Table 3 - Risk of stroke associated with apolipoprotein E genotype™

APOE2E2 APQOE2E3 APOE2E4 APOE3E3 APOE3E4 APQOE4E4

Overall

Events/person-years 1/168 26/2569 2/513 87/11279 34/4569 4/467

KR (95% Cl) 0.7(0.1t050 1.3(09t02.1) 06(0.1t02.4) 1 (reference) 1.0(0.7to 1.5) 1.4(0.5 to 3.9)
Men

Events/person-years 1/72 9/938 2/206 36/4862 9/2027 2/205

RR (95% CI 1.3(0.21t09.7) 1.2 (0.6 to 2.5) 1.2 (0.3 to 5.1} 1 (reference} 06(031t01.2) 1.5(041t06.4)
Women

Events/person-years 0/96 17/1631 0/307 51/6417 25/2542 2/262

RR (95% CI} ) 1.5 (0.8 to 2.5) . 1(reference) 1.3 (0.8t02.1) 13 (0.3 to 5.3)
Age tertile T (< 65 yrs)

Events/person-years 1/49 3/887 0/183 7/3912 2/1472 0/194

RR (95% CI) 129 (1.6t0 108) 2.0(0.5t0 7.7} - 1 {reference) 0.8 (0.2 to 3.7} -
Age tertile 2 (65-73 yrs)

Events/person-years 0/46 2/839 2/173 20/3501 7/149C 2/128

RR (95% CI) - 0.4 (0.1 to 1.9) 2.1 (0.5 10 8.8) 1 (reference) 0.8(041t02.0) 27061t 11.7)
Age tertile 3 (> 73 yrs}

Events/person-years 0/72 21/843 0/157 60/3866 25/1606 2/145

RR {95% CI)

1.6 (1.0 to 2.7)

1 (reference)

1.1(0.7 to 1.7)

1.1 (0.3 to 4.6)

* Relative risk (RR) with 95% confidence interval (Cl), adjusted for age and sex.



Table 4 - Risk of dementia associated with apolipoprotein E genotype™*

APOE2E2 APOE2E3 APOE2E4 APOE3E3 APQE3E4 APOE4E4

Overall

Events/person-years 1/91 10/1458 4/277 70/6180 42/2450 7/224

RR (95% CI) 1.0 (0.1 t0 6.9) 0.7 (0.4 t0 1.3) 1.7 (0.6 to 4.8) 1 (reference) 1.9(1.3t028) 54{241t011.8)
Men

Events/person-years 0/36 0/545 2/n7z 17/2696 14/1098 1/96

RR (95% Cl} - - 3.0(0.7t0 12.9) 1 {reference) 23{11t0c 4.8) 2.9(0.4t022.2)
Women

Events/person-years 1/56 10/913 2/160 53/3484 28/1352 6/128

RR (95% Cl) 160210 11.7) 1.0(0.5t01.9) 1.4 (0.3 t0 5.7) 1 {reference) 1.8(1.1t02.8) 6.3(2.7 to 14.8)
Age tertiie 1 and 2 (55-73 yrs)?

Events/person-years 0/54 0/1030 1/204 9/4177 7/1693 2/179

RR (95% CI) - - 220310 17.3) 1 (reference) 1.9(0.7to 5.0) 5.1(1.1 to 23.8}
Age tertile 3 (> 73 yrs)

Events/person-years 1/38 10/428 3/73 61/2003 35/2760 5/45

RR (95% CI} 1.0(01t07.5) 0.8{0.41t0 1.6) 1.6 (0.5 to 5.1) 1 (reference) 1.9(1.2t02.9) 52(2.1t013.0)

* Relative risk [RR} with 95% confidence interval (Cl), adiusted for age, sex, and education;
T The coefficients did not converge when in first tertile because of limited number of dementa patients (n=5),



Table 5 — Mortality as a function of the apolipoprotein E genotype™*

APOE2E2

APQE2E3

APOE2E4

APOE3E3

APQE3E4

APOE4E£4

Overall
Events/person-years
RR (95% Cl)

Men
Events/person-years
RR (95% Cl)

Women
Events/person-years
RR (95% Cl)

Age tertile 1 (< 65 yrs)

8/173
0.9{0.3 t0 2.4)

4/66
1.0 (0.4 to0 2.8)

4/107
0.9 (0.3 to 2.4)

117/2819
0.9 (0.7 to 1.2)

50/1046
1.0 (08 to 1.4)

67/1773
0.9 (0.7 to 1.2)

27/566
1.0 (06 t0 1.7)

14/242
1.3 (0.7 t0 2.2)

13/323
1.0 (0.6 to 1.7)

322/12154
1 {reference)

237/5209
1 (reference}

285/6945
1 (reference)

219/4964
1.1{0.9 to 1.4)

89/2190
0.9 (0.7 to 1.1)

130/2774
1.1(0.9 t0 1.4)

20/512
0.9 (0.5 to 1.6}

10/223
1.1 (06 to 2.0}

10/290
0.9 (0.5t0 1.6)

Events/person-years 0/50 12/1006 4/208 43/4266 16/1670 4/230

RR (95% ClI) - 1.2 (0.6 to 2.3) 20(0.7t0 5.7) 1 (reference) 1005t 1.7) 1.8(0.61t05.0)
Age tertile 2 (65-73 yrs)

Events/person-years 1/51 24/939 6/187 91/3762 38/1587 3/135

RR (95% Cl) 0.8 (0.1 t0 5.9) 1.0 (0.7 to 1.6} 1.3 (0.6 to 3.1) 1 {reference) 10(0.7t01.4) 1.0{(0.31t03.2}
Age tertile 3 (> 73 yrs)

Events/person-years 7/72 §1/874 17/170 388/4126 165/1706 13/147

RR (95% Cl) 0.9(04t01.9) 1.0 (0.8 to 1.3) 1.0 (0.6 to 1.7) 1 (reference} 1.0(081t01.2) 1.0(0.5t01.7)

* Relative risk (RR} with 95% confidence interval (CI).
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-0.001) for every five years. The dectease in the frequency of APOLI*4 was to the
benefit of the APOE*3 frequency (increase 0.013; 95% CI 0.003 to 0.022 per five
years), as also the frequency of the APOE*2 allele slightly decreased with age (-0.007;
95% CI -0.015 to 0.000 per five years).

Discussion

Using data from a large prospective population-based study, we found that APOE*4
homozygotes had an increased risk of myocardial infarction, but that the incidence of
stroke was not strongly related to the APOE polymosphism. Although APOE*4
carriers had an increased risk of dementia, the contribution of APOE¥4 to the inci-
dence of dementia was modest, reflecting the relatively low frequency of this allele,
The APOE genotype appeated not to be a strong determinant of mortality up until
95 years of age.

In the interpretation of these findings, a major concern is that we could not de-
termine the APOE genotype of the whole Rotterdam Study cohort. The group of
subjects in whom APOE was measuted, wete on average younger (69.8 versus 72.2
years), incloded more males (44 versus 29%), and less persons who died during fol-
low-up (17 versus 26%), than those with an vndetermined APOE genotype. How-
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ever, the proportions of patients with a previous myocardial infarction, stroke or
dementia were similar, and also the level of total and HDL cholesterol did not differ
between those with and without a determined APOE genotype. Based on the above
characteristics, persons with an unknown genotype do not specifically fit into one of
the APOL genotype groups as observed in the present study. As the distribution of
the APOE genotypes was in Hardy-Weinberg equilibrium, it seems further unlikely
that selective APOL genotyping has occutred. Another issue is that there was com-
plete follow-up on myocardial infarction or stroke in 91% of the participants in this
study, However, the distribution of the APOE genotypes in persons with and with-
out complete follow-up on vascular discases was similar (X2=3.9; df=5; P=0.57).
Therefore, there seems not to be selective loss to follow-up. The determinant of this
study, the APOE genotype, was accurately measured, without knowledge of the out-
comes.? Based on these considerations, it seems unlikely that our study is subject to
much measutement error ot bias.

A possible limitation of the present study though, is that we could not explore the
role of APOE in subtypes of myocardial infarction, stroke and dementia in detail.
However, it should be noted that this study aimed to investigate the population im-
pact of the APOE polymorphism. With regard to the implications for public health,
associations with rarer subtypes of disease may be less relevant,

An advantage of this study is the population-based approach with a high response
rate, which minimises the possibility of selection bias. There was complete follow-up
with regard to survival. The occurrence of stroke and myocardial infarction duting
follow-up were ascertained using files of genetal practitioners, who cover the whole
study population. As access to primaty cate is high in the Netherlands, also less se-
vere events could be detected.

There is some controversy in the literature with regard to the association of the
APOE genotype to myocardial infarction >4 Although some studies reported an in-
creased APOE*4 frequency in patients with coronaty heart disease, it should be
noted that the APOE*4 telated summary odds ratio for coronaty heart disease in a
meta-apalysis of cross-sectional studies did not exceed 1.3.2 The two prospective
population-based studies up until now are inconsistent®! One suggested that
APOE*4 increases the risk of death from coronary heart disease,® while in the other
survey, no association could be detected.* ‘The number of patients in the present
study exceeds the previous ones five times. We found that homozygotes for
APOE* were at increased wisk, in particular those younger than 65 years, This
could imply that this genetic predisposition to myocardial infarction wanes with age-
ing. On the other hand, we cannot exclude that we missed some cases of ‘silent’
myocardial infarction, which becomes more and more frequent with aging,!¢ Possible

153



Chapler 7

undetrestimation of the number of myocardial infarctions during follow-up could
further explain the relative low number of incident cases in our study (n=87).

The literature on APOE and stroke is rather inconsistent as well+¢ In cross-sec-
tional studies, both an increased APOE*2 frequency,? as well as an increased
APOE*4 frequency have been reported.? Of the three population-based cohort
studies on APOE and sttoke, two reported no association,® while a third suggested
a decteased risk for APOE*2 catsiers younger than 80 years.® It has been postulated
that some of the inconsistencies in the literature on APOE and stroke may be ex-
plained by a modifying effect of age.5 In our large study, with a wide age range, we
did not find consistent evidence for this, although we cannot exclude that APOE
may be associated with sttoke befote the age of 55 yeats. In our investigation, the
APOE genotype was not strongly related to the development of stroke during fol-
low-up.

This is the first study that quantifted the absolute risk of dementia associated with
the APOFE. polymorphism. Besides, we assessed its contribution to the incidence of
dementia on a population level. Although catriers of the APOE¥4 allele are obvi-
ously at increased risk of dementia, we found that the corresponding population at-
tributable risk was modest, which results from the relative rarity of the allele. Al-
though the APOE2E3 genotype was found to be inversely related, this effect was
modest and did not reach statistical significance. Besides, any relative protective ef-
fect of APOE*2 on a population level would be meaningless, given the low APOE*2
allele frequency.

Previous studies on the APOE genotype and longevity suggested that APOE*2
increases, and that APOE*4 reduces life expectancy. b1 In these studies, the oldest
elderly were compared to younger individuals. In the present study, we found till the
age of 90, 2 weak decrease in the frequency of both APOE*2 and APOE*4. Al-
though overall, APOE was found to be unrelated to sutvival, in the youngest age
category, the APOE2E4 and APOE4E4 genotypes were associated with increased
mortality. ‘These observations are consistent with our observations on APOE and
myocardial infarction and stroke, both major causes of death.

An ultimate goal for genetic studies is to provide information that will improve
our ability to identify individuals at increased risk of disease. Although the APOE
genotype is involved in the development of dementia, the population contribution of
the risk allele, APOE*4, seems to be modest. Our study suggests that the APOE
polymorphism does not play an important role in mortality or the risk of vascular
diseases in the eldetly.
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General discussion

In this general discussion, a brief overview will be given of the major findings to-
gether with observations from other studies. These findings will be discussed with
special attention to the underlying mechanism. Finally, recommendations for futare
reseatch will be given. The methodological aspects of the studies in this thesis are
described in the discussion scctions of the previous chapters, and will be briefly
considered here together with our findings. As the primary topic of this thesis is de-
mentia, this chapter will focus on the association between apolipoprotein ¥ and de-

mentia.

Background

It has been suggested that apolipoprotein E (APOE=gene; apoli=protein) is in-
volved in atherosclerosis and dementia,!? two conditions which severely disturh the
quality of life of numerous elderly individuals. Atherosclerosis is an impottant cause
of mortality,> while dementia is the major threat to the wellbeing of older people.* As
the frequency of both atherosclerosis and dementia increases with advancing age, the
two conditions are huge problems as the geriatric population is increasing at a con-
siderable pace.® Atherosclerosis as well as dementia are heterogeneous disorders,
with an incotnpletely undetstood aetiology.

Crucial in the devclopment of atherosclerosis is the level of cholesterol in se
rum.>? The APOE genotype is a determinant of seram cholesterol level, and has
three common alleles, APOE*2, APOE*3 and APOE*4 which fully determine the
respective apoF2, apoE3 and apoli4 isoforms.! Compared to homozygotes for
APOE#3, the most common genotype, APOE*2 is associated with lower levels of
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total and low density lipoprotein (LDL) cholesterol and with higher levels of high
density lipoprotein (HHDL) cholesterol, while APOE*4 has opposite effects.! Yet,
findings on APOL and atherosclerosis have been inconsistent,3? and it is not yet
clear how APOE is related to mortality and vascular diseases, such as stroke and
coronary heart disease.!01!

Besides its role in lipid metabolistn, the APOE*4 allele is mote prevalent in pa-
tients with Alzheimer’s disease (AD) than in cognitively normal controls. Although
this association is well established, the magnitude of the risk was not clear at the start
of this study.’2 In addition, it remained to be established whether the APOE*2
allele exerts a protective effect, whether the APOE genotype is also involved in other
dementing diseases than AD, and, related to the latter topic, whether APOE testing
could be used in the differential diaghosis of dementia. Furthermore, it was unclear
whether the level of apoE in serum contributes to the actiology of AD, and whether
APOE is related to AD progression and survival. Furthermore, the putative syner-
gistic effects of APOE*4 and atherosclerosis desetved further investigation, as these
ate both common risk factors for dementia.!5 The aim of this thesis was to clarify the

above issues.

Findings and methodological considerations

Apolipoprotein E in atherosclerosis and vascular disease

Some inconsistencies have emerged from studies on the APOL genotype and either
atherosclerosis or vascular diseases.®!! It should be noted however that few popula-
tion-based investigations have been performed on these topics. In the Rotterdam
Study, APOE*4 was overall not related to atherosclerosis, although the APOE4E4
genotype was weakly associated with atheroscletosis in the abdominal aorta and pe-
ripheral arteries. The APOE*2 allele appeated to be inversely related to atherosclero-
sis (chapter 5.2). Adjusting for serum apoE levels strengthened the invetse association
of APOE*2 and atherosclerosis, whereas adjusting for total and HDL cholesterol
only skightly changed the estimates. These observations suggest firstly that serum
apoE level is not an intermediate factor. Secondly, the main APOE*2 effects on
atherosclerosis do not seem to result from its influence on lipid levels.

The association of APOE with myocardial infarction and stroke was studied in a
follow-up setting. Persons with the APOE4E4 genotype had an increased risk of
myocardial infarction, while subjects with APOF2E3 were at a slightly lower risk
(chapter 7). Adjusting for total and HDL cholesterol did not change these findings,
suggesting that the level of these lipids is not intermediate. The incidence of stroke
was not strongly related to the APOE polymorphism. Although persons with the

160



General discussion

APOEZE3} or APOE4E4 genotype had a slightly higher risk than homozygotes for
APOE#3, this did not reach statistical significance. Mortality was overall not related
to APOE, but increased in persons with either the APOE2E4 or the APOBEARA
genotype who were younger than 65 years.

Apolipoprotein E and dementia

Difterential diagnosis As discussed in chapter 3, APOE typing for differential di-
agnostic purposes of dementia scems not to be valuable, However, both approaches
used to explore this issue, Le. a consideration based on the available literature (chaprer
3.7), and an evaluation using data from a population-based study (chapter 3.7), have
their limitations, The first method is subject to publication bias. It is questionable
whether conclusions based on the second approach will apply to patients who have
been referred to a clinic. Clinical patients differ in several characteristics, including
the APOE*4 frequency, from cases derived from a population-based study.!¢ The
best way of evaluating the value of APOE. testing in the differential diagnosis of de-
mentia, is a study on patients who are referred because of a possible dementia syn-
drome, using autopsy confirmed diagnoses as a golden standard. An investigation
like this has recently been published, and showed that APOE genotyping is indeed
not informative when used as a single diaghostic test, but may improve specificity
when used in conjunction with clinical characteristics.1?

Risk of all dementia and Alzheimer’s disease Fstimates of the relative risk of
AD associated with the APOE genotypes differ widely across studies.’® The strong-
est effects of the APOE genotypes were reported in clinic and autopsy studies as
compated to population-based studies (fabe 7).1° In chapter 2, differences between
clinic and population-based studies ate discussed in more detail. Tabk 7 compares
findings from the Rotterdam Study with a meta-analysis of cross-sectional studies
among Caucasians.'” Most tisk estimates from the Rotterdam Study were quite com-
parable with those derived from the meta-analysis. The exception is the APOE4E4
related relative risk of incident AD, which was inuch lower in the Rotterdam Study.
Interestingly, the other two population-based incidence studies till so far, reported
also a weak association between APOLE*4 and dementia,’32¢ but confidence intervals
were wide. Although the APOE4E4 related isk estimates of AD from population-
based incidence studies are conceptually superior, precision is curtently lacking,
Contradicting findings have been treported on the association between the
APOE*2 allele and AD.2% Long-term population-based follow-up studies will ulti-
mately clatify whether, compared to the most common genotype APOE3E3,
APOE*2 is protective or has similar effects. Taken into account the wide variety in
observed effects, it is not likely that possible protective effects of APOE*2 will be

Hnpressive.
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Table 1 — Odds ratio for Alzheimer's disease according to apolipoprotein E genotype in meta-analysis and Rotterdam Study*

APQOEZE2 APOE2E3 APOE2E4 APOE3E3 APOE3E4 APOE4E4
Meta-analysis't
Clinic/autopsy studies 0.6 (0.2 t0 2.0) " 0.6 {0.5t0 0.8) 26 (1.6t0 4.0) 1 (reference) 3.2 (2.8t0 3.8) 14.9(10.8 to 20.6)
Population-based studies 0.9 (0.3 to 2.8) 06 {0.5 to 0.9) 1.2 (0.8 to 2.0) 1 (reference) 2.7 (2.2t03.2) 125(8.8t017.7)
Rotterdam Study
Prevalent cases 0.6 (0.1 to 6.3) 0.6 {0310 1.2} 1.4 (0.3 to 6.6) 1 (reference) 1.5(0.9t0 2.5) 13.2 (5.2 to 34.0)
Incident cases - 0.5 (0.2 to 1.2} 1.1 (0.3 t0 4.7) 1 (reference) 19(1.2t03.0) 3.2 (1.01t010.3)

* Qdds ratios with 95% confidence intervals;

T Based on cross-sectional studies among Caucasians (total sample size: n=5107 cases and n=6262 controls).
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Non-Alzhefmer’s discase dementias  While there is only one study that did not
report an increased risk for APOE*4 cariders on sporadic AD,% much moze contro-
vetsy exists in the literatute on APOE and the non-AD dementias, including vascular
dementia, Lewy body disease, Parkinson’s disease dementia, frontal lobe dementia
and Crentzfeldt-Jakob disease.!® We found that APOE*4 was also related to demen-
tia with stroke, which included patients with either vascular dementia or AD with
cerebrovascular disease (phapler 4.7). The lack of an obsetved associaion between the
APOE#4 allele and the non-AD dementias in some autopsy studies, may be due to
selection bias. As APOE*4 appears to be related to various neuropathological char-
acteristics of ADD, diagnosing the non-AD dementias only in the absence of any
evidence for AD), implies that APOE*4 carriers are selectively excluded.

Serum apok level We found that serum apokE levels were lower in AD compared
to non-demented controls (chaprer 4.2). When we adjusted for the APOE genotype,
the difference in serum apoE levels diminished. Therefore, it is unlikely that serum
apoE level is related to AD, independently of the APOE genotype.

Prognosis of Alzheimer’s disease Previous studies on APOE and the course of
AD ate based on patients who were included at different stages of disease. This
hampers the compatison of the rate of decline, and could explain the inconsistencies
in the literature. We included patients at a similar stage, ie. before the onset of
symptoms, and found that the APOE*4 allele was not a strong determinant of sus-
vival in AD (chapter 4.3). As change in cognitive function and severity of dementia
were similar for AD patients with and without APOE*4, our study suggests that the
progression of AD is not related to the APOE*4 allele.

Apolipoprotein E, atherosclerosis and dementia

When studying the association of APOE, atherosclerosis and cognitive function,
APOT*4 carriers with atherosclerosis appeared to have the worst cognitive perform-
ance (chapfer 6.1). Mild, non-significant effects on cognitive function wete obsetved
for athetoscletosis in the absence of APOE*4 and for APOE*4 in the absence of
atherosclerosis.

In addidon, the effects of both APOFE*4 and atherosclerosis on dementia were
found to be stronger than the sum of the effects of APOE*4 alone and atherosclero-
sis alone (chapter 6.2). This again suggests a synergistic interaction.

As the APOE genotype was shown to be associated with atherosclerosis (chapter
5.2y, and atherosclerosis was found to be related to dementia, we studied whether
atheroscletosis could be intermediate in the association of APOL and dementia
(chapter 6.2). The association between the APOE genotypes and dementia did not
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essentially change when adjustments were made for atherosclerosis or other vasculay
factors. This suggests that atherosclerosis is not an intermediate factor.

For the majority of the population, namely those not catrying the APOE*4 allele,
smoking increased the risk of dementia and AD (cbapier 6.3). For subjects with the
APOE*4 allele however, smoking was inversely associated with dementia, although
this did not reach statistical significance,

Mechanisms

The reader is referred to shaprer 5.7 for a discussion of APOE in lipid metabolism
and atherosclerosis. This section will focus on the involvement of APOE in the aet-
ology of the dementias. First, a review will be given on the role of APOE in AD, the
most frequent type of dementia. This is followed by a discussion on the role of
APOE in the response to damage to the brain, which is not necessatdly the neurode-
generation as observed in AD.

Apolipoprotein E and Alzheimer’s disease

This section starts with a discussion on the possible role of cerebral apoE level in the
pathogenesis of AD. Afterwards, an ovetview is given of the role of the vardous
apoR isoforms in the metabolist of the vatious components of the AD pathology.

ApokE level in the AD brain A small study reported that the APOE*4 allele was
associated with lower levels of apoE in the hippocampus and cortex of AD patients,
and the authors proposed that the harmful effects of APOE*4 are due to reduced
levels of available apoE4 protein® However, there is little support for this hypothe-
sis. Several studies reported that apoE level in cerebrospinal fluid was untelated to
the APOE genotype?*® By contrast, APOE*4 allele expression was found to be
increased in the Alzheimer brain ! although it remains to be determined whether this
is cause or consequence. Furthermore, a recently identified polymorphism may be
more common in AD, and was suggested to increase APOE gene expression? Al-
though these observations could not be confirmed in a population-based study on
eatly onset ADD.33

This section will further discuss the role of the different apoE isoforms in the
AD pathology. Important neuropathological characteristics of AD are extracellular
neutitic plaques, intracellular neuroﬁbriila.ry tangles and neuronal loss. The different
apoE isoforms may be involved in all features, through various pathways.

Neuritic plaques ‘The major component of the neuritic plaques is B-amyloid. Tt
has been shown that in the AD brain, the number of plaques and the burden of 8-
amyloid is related to the APOE genotype 224 APOE*4 carriers were found to have
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an increased density of B-amyloid,263 while APOE*2 cartiers had less B-amyloid
depositions.26 It has been suggested that the differences in the deposition of B-amy-
loid may tesult from isoform specific variation in the binding to B-amyloid, but
studies on this topic have not been consistent.?>” The apoE isoforms were further
reported to have a specific effect on the formation, aggregability,® or clearance,’® of
B-amyloid /v pifre. Support for a role of apoE in the deposition of B-amyloid came
from a study on transgenic mice. Among mice that over-express human Amyloid
Precursor Protein (APP), those with a deficiency for apoE had a shatp reduction in
B-amyloid deposition as compared to mice with native apoE.% These mice studies
suggest thus that apoE is somehow involved in the deposition of 8-amyloid, but
leave unanswered the specific consequences of the various APOE alleles. A weak-
ness it the hypothesis that the APOE genotype is involved in AD because of its role
in B-amyloid metabolism, is that it is still controversial whether B-amyloid deposition
is directly involved in AD, or whether it is just a secondary consequence.#! An argu-
ment in favout of this so called amyloid hypothesis is that several APP mutations are
known that invariably lead to B-amyloid deposition and to AD.® However, in the
vast majotity of AD cases, without abnormalities in the APP gene, the link between
the presence of B-amyloid in the brain and measures of dementia is tenuous, as sev-
eral studies failed to find an association between the B-amyloid burden and disease
sevetity. 4142

Neurofibtillaty tangles The number of neurofibrillary tangles cotrelates more
closely with the severity of AD than the number of senile plaques.*? The neurofibril-
lary tangles that occut in the cytoplasm of neurons in the AD brain contain hyper-
phosphorylated tau protein. Tau normally stabilises the skeleton of the cell, and this
cffect is though to be dependent on its phosphorylation.* The apoLl protein was
observed to be localised to neurofibrillary tangles. The binding of apoE to tau ap-
pears to differ between the isoforms. The apoE4 isoform may bind less strongly than
apoE3, which was speculated to result in the development of neurofibsillary tangles. #
I the absence of apoE3, tau binding sites ate free and may pair with that of other
tau proteins, thus forming neurofibrillary tangles. It should be noted that relatively
high concentrations of both tau and apoE were used in these /# vifw experiments. ™
However, suppott for the hypothesis that apoE is related to AD because of its role
in tau metabolism was obtained by an i wwe study, which repotted that tau was hy-
petphosphorylated in mice deficient for apoE.* Again, findings on mice carrying the
various human APOE alleles remain to be reported.

Neuronal loss 'The number of neurons decteases with increasing severity of AD.#
'The cholinergic neurotransmitter system may be specifically impaired in AD, and
attenuation of choline acetyltransferase (ChA'T) activity is a consistent neurochemical
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marker. The APOE genotype may have direct impact on cholinergic function, as
knockout mice for apoE have shown synaptic damage and low ChAT activity.
Whether neurotransmitter impairments in apoF, deficient mice ate limited to the
cholinergic system remains to be repotted. By contrast, studies on APOE and ChAT
activity in the ADD brain have been inconsistent.#* The loss of neurons in the AD
brain was found to be unrelated to the APOLE genotype.#

Apolipoprotein E in the response to cerebral injury

As described above, there are several possibifities for the involvement of the APOE
genotype in the pathogenesis of AD. Besides, APOE may be related to AD because
of its role in the response to cerebral injuty,’® for instance due to atherosclerosis. The
latter option is compatible with several studies in this thesis,

Fiestly, a synergistic effect was obsetved between APOL*4 and atherosclerosis on
the risk of dementia and cogpitive impairment (¢haprers 6.7 and 6.2). Secondly, the
APOF, polymorphism was found to be telated to dementias of other actiology than
AD (chapters 3.2, 4.1 and 4.2). Dementia is a very heterogeneous condition which re-
sults from sufficient damage to the brain® In persons with an impaired capability to
recover from cerebral injury (supposed to be carriers of the APOE*4 allele), cerebral
damage of whatever nature may lead to dementia, while othets may have a higher
chance to recover without loss of cognitive function. A schematic representation of
the above findings is shown in flgm 7,

These observations are thus compatible with the view that the consequence of
atherosclerotic damage to the brain is more severe in presence of APOE*4. Besides,
APOFE*4 may interact with other types of damage including neurodegeneration,
which would explain an association of APOE*4 with dementia in the absence of
atherosclerosis. This section will further focus on the hypothesis of an impaired re-
sponse to cerebral injury in APOE*4 caggiers.

Other epidemniological studies A wide variety of studies have been performed on
the outcome after cerebral damage as a function of the APOE genotype (fable 2).
Most studies suggest a synetgistic effect between the APOE*4 allele and injury,

\

Dementia Figure 1 - Schematic representation
of the interrelationship of APOE*4,
atherosclerosis and dementia,

The thickness of the arrows indicates

. the strength of the association, a dot-

Atherosclerosis ted {ine means no relationship.

APOE*4

.
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which is compatible with an impaired recovery in APOE*4 catriers. However, two
population-based studies could not confirm the observation that APOE*4 carters
are prone to dementia after head injuty.52% For the insulin resistance syndrome and
smoking, only persons without the APOE*4 allele had an increased risk of AID.6465
There are at least two explanations for these inconsistencies. Firstly, it may sugpest
another, stronger interaction with the APOE genotype in the opposite direction, as
discussed m chapter 6.3 with regard to smoking, Secondly, these inconsistencies can
be considered as arguments against the hypothesis that APOE*4 is related to the
detentias because of a poor response to cerebral injury.

Neurobiological studies Cerebral injury was found to increase the production of
apoll by astrocytes.? A brief episode of global ischaemia increased APOE gene tran-
scription,® and led to an accumulation of apoll close to the microvessels, possibly
due to alterations of the blood brain bartier.#7% Strong apoE immunoreactivity was
also observed in neurons exhibiting sipns of ischaemic cell damage.%

ApoE deficient mice exhibited impaired ability to recover as compared to wild-
type mice after focal ischacmia or closed head injury.®% Treating apoE knockout

Table 2 - Epidemiological studies on apolipoprotein E4 and outcome after brain injury

First author

Type of damage

Qutcome

Synergfstic effect

Atberts® intracerebral haemorrhage  morltality, functional outcome
Hofman'® atherosclerosis dementia

Slooter®? atherosclerosis cognitive decline

Kalmiin® cerebrovascular disease cognitive decline

Skoog*! white matter lesions dementia

Mayeux®* head injury Alzheimer's disease
Taesdale®® head injury mortality, functional oulcome
Jordan® boxing chionic neurologic deficits
Nicoll®® fatal head injury deposition of B-amyloid
Sorbi*® post-fraumaltic coma recovery of consciousness
Tardiff*" cardiac bypass surgery cognitive decline

tzhaki®' herpes simplex-1 in brain ~ Alzheimer's disease

No synergistic effect
Mehta®

head injury

dementia

O'Meara® head injury Alzheimer's disease
ous! smoking dementia
Kuusisto®® insulin resistance syndrome  Alzheimer's disease
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mice with intraventricular injections of either apoE3 or apoli4, improved learning
capacity and restored neuronal degeneration.” ‘The latter study suggest that the ef-
fects of apoE4 are not harmiul in itself, but less beneficial than the effects of apoE3.
Transgenic mice expressing human apoE4 have larger infarct volumes following
focal transient ischaemia compared to animals expressing human apoE3.72 ApoE
seems thus to be involved in neuronal repair following injury. There are various pos-
sibilities with regard to the undetlying mechanism, which ate not necessatily exclu-

sive,

— Mechanism: 1. nerrotrophic effects

Injured neurons and glia need latge amounts of cholesterol and other lipids for
plasma membtane biosynthesis. The supply of these hydrophobic molecules is made
possible by apolipoproteins. ApoE has a special relevance for the central nervous
system, as it is the predominant apolipoptotein in the brain, and other major plasma
apolipoproteins such as apoAl and apoB are absent.” Cells with excess lipids may
release these compounds to apoEi-lipid-complexes, which can be transported to cells
requiring them for cell proliferation or repair. After injury, apoE expression by
asttocytes increases, followed by an increase in LDL receptor activity in neurons
which undergo dendritic proliferation and synaptogenesis.*® After binding, the apoli-
cholesterol-LDL receptor complex is believed to be internalised and degraded and
the cholesterol is used for membsane and synapse formation.’® The binding of apoE
to the LDL receptor appeared to be isoform-specific.” Based on the poor recovery
from brain injury as observed in APOE*4 catriers, it would be expected that binding
of the apoE4 isoform to LDL receptors would be lowest. In contrast, binding of
apoE2 containing lipoptroteins appeared to be lowest in both at astrocytes and
neurons,™

In neuron culture experiments, apol. together with 8-VLDL could stimulate neurite
extension and branching. These effects appeared to differ between the apoli
isoforms, Addition of apoE3 led to extensive neurite outgrowth and elongation,
while apoE4 was associated with short, stunted neurite extensions.” The effects of
the apoEi2 isoform remain to be reported.

Growth, adhesion and extension of neurites requite interactions between the neuron
and the extracellular substrate. ApoE binds to laminin, a component of the
extracellular matrix, and this complex enhanced adhesion and branching of rat
neurons, compared to laminin alone.™ However, these effects were similar for apoE3
and apoE4.% Furthermore, there is evidence that apoE interacts with growth factors
to support neuronal outgrowth and viability. The survival promoting effects of ciliary
neutotrophic factor on hippocampal neurons was found to be potentiated by apoE,
but apoE3 was as effective as the apoE4 isoform.”
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—  Mechanism: 2. antioxidant properiies

Another way by which apoE may be involved in the repair after cerebral damage is
by protecting against oxidative stress. Oxidative insults ate believed to be involved in
various neurodegenerative diseases.” The cytotoxic effects of B-amyloid on neuronat
cells could be blocked by physiological levels of apoE.”™ The antioxidant activity of
apoE appeared to be isoform specific, with apoE2 being most effective, apoE3
moderately effective, and apoE4 least effective.” In pivo studies further showed a role
for apoE in oxidative stress. Mice deficient for apoE express higher titres of
antibodies against oxidised lipids as comparted to control mice.® In addition, these
knockouts have increased levels of 3-nitrotyrosine in theit brain, a marker of
oxidative stress.8!

—~  Mechanism: 3. role in inflapmation

A third possibility by which apoll may exert its beneficial effects is by modulating the
glial response to inflammation. There is growing evidence that inflammatory
processes are involved in the pathogenesis of the dementias, Various features of
inflammation have been obsetved in the AD brain, including microglial activation,
cytokine production, and complement activation.#2 Secondly, the use of non-steroidal
anti-inflammatory agents appeared to be inversely associated with AD.®
Furthermore, brain sschaemia, the principal cause of vascular dementia, is followed
by an inflammatoty response 8t

ApokE is known to have immunomodulatory functions ir #ifre. These include the
suppression of lymphocyte proliferation and synthesis of immunoglobulins,™ as well
as inhibiion of TNF-0. secretion.35 Moreover, apoHE3, but not apoE4, could block
the activation of microglia, the phagocytes of the brain, due to treatment with
secreted APP.2 An /n vive study further suggested an immunomodulatory function of
apoE, as mice deficient for apoE were found to have discrete abnormalities of
cellular and humoral immune responses.” Therefore, apoF. seems to be involved in
the regulation of the inflammatory response, which may play a role in protecting
neurons from secondaty injuty.

Discussion In conclusion, there ate various possible mechanisms for a role of
apol in the response to cerebral injury, which are schematically tepresented in flpnre
2. Although these hypotheses are not necessatily exclusive, the hypothesis on neuro-
trophic effects is best supported. Howevesr, weaknesses in the view that apoE exerts
its effects by transporting lipids to regenerating neurons, are the receptor binding
experiments. In vifro studies on the antioxidant properties of the apoE isoforms are
promising, but await experiments on mice carrying the various human APOE alleles.
The role of apoE in inflammation has not yet been studied in detail for the vatious
specific isoforms. With the exception of the /n vilro experiments on apoE in oxidative
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stress,” we ate not aware of other reports that could explain the inverse association
of APOE*2 with dementia.

Suggestions for future research

Apolipoprotein E in atherosclerosis and vascular disease

Given the varying results across studies, more research is needed to further explote
whether the APOL genotype is related to atherosclerosis and vascular disease. Future
investigations should ideally have a follow-up design in order to circamvent selective
survival. Such studies, in which APOE genotyping is petformed on material collected
relatively early in life, could characterise patticipants who died before assessment of
atherosclerosis.

If the APOE is truly related to atherosclerosis and vascular disease, independent
of lipid levels, further studies should focus on other effects of the apoE isoforms
than its role in lipid metabolism. These include possible anti-oxidative properties, ™80
the involvement of apoEl in inflammatory processes,” and the role of apoE in ves-
sel wall homeostasis, such as the modulation of platelets aggregability and the prolif-
eration and migration of smooth muscle cells and lymphocytes. 287

iH. ANTI-INFLAMMATORY

lamini
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Figure 2 - Possible mechanisms for the role of apoE in the response to cerebral injury.
APOE = apolipoprotein £ gene; apoE = apolipoprotein E protein; CNTF = ciliary neuro-
trophic factor; LDL-R = fow density lipoprotein receptor. A minus sign (-} indicates inhibi-
Hon; a plus sign (+) indicates stimulation.
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Apolipoprotein E genotype and Alzheimer’s disease

The best way to further characterise the association of the APOE genotypes with
AD is to use a population-based study, in order to avoid referral bias. Problems as-
sociated with selective survival can only be overcome in a follow-up setting. How-
ever, in these surveys it has been difficult to implement neuropathologic confirma-
tion of the diagnosis. An estimated 10 percent of clinically diaghosed AD patients
appear to have another dementing illness at autopsy.® This may result in non-differ-
entinl misclassification, reducing statistical power. Nevertheless the problem of mis-
classification in population-based studies is outweighed by the opportunity to study
gene-environment interactions, using prospectively collected data on exposure. Mote
reliable risk estimates await longer follow-up. Pooling of various population-based
cohort studies will increase the number of person-years observation. Although this
obviously increases efficiency, pooling assumes that there are no important modifiers
that differ between the pooled cohorts. Further, problems related to admixture could
be encountered.3? This means that the association under study may be confounded
by diffecences in the frequency of both determinant and outcome between the
pooled populations.

Apolipoprotein E genotype and non-Alzheimer’s disease dementias

Studies on APOE and the non-AD dementias may be difficult as the distinction
between different types of dementia can be a matter of interpretation, and inclusion
of AD patients may happen. In particular the distinction between A and vascular
dementia may not be very clear.® Therefore, it is impottant to study all dementia as
well as AD and vascular dementia separately. Besides, the frequency of some de-
menting illnesses is relatively low, and a more efficient approach than a population-
based setting may be used. An alternative design, suitable for studies on Lewy body
disease, frontal lobe dementia and Creutzfeldt-Jakob disease, is a case-referent study.
The essence is that referent subjects are sampled from the same study base from
which the cases emerge, and that sampling is independent of exposure status.”
However, a case-teferent design may hamper the study of characteristics before as-

Sigmnent as case of referent subject.

Apolipoprotein E gene expression and protein level

Investigations on cerebral apoE levels should be extended, as existing studies are
limited, and included only few brains.? T'o detect genetic vatiability in APOE expres-
sion, sequencing of the possible regulatory elements of the APOE gene, should be
followed by studies on transcription activity, and /# #i/m binding experiments to nu-
clear extracts. Mutations which seem to be functionally relevant, can be further in-
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vestigated in association studies. The contribution of newly identified genes to the
occutrence of disease should be disclosed in prospective, population-based studies
with, ideally, autopsy confirmation of the dinghoses.

Apolipoprotein E genotype, atherosclerosis and dementia

Epidemiological studies The observed interaction between the APOE#4 allele
and atherosclerosis on cognitive function (dhapler 6.7) and dementia (chaprer 6.2)
should be confirmed in other population-based studies with long dutation of follow-
up. A matter of concern in these studies is the assessment of atherosclerosis. The
presence of atherosclerosis in the brain is, during life, difficult to investigate directly.
Related to cerebral arteriosclerosis, hypoperfusion, and ischaemia are cerebral white
matter lesions,”% which can be observed with magnetic resonance imaging (MRT). It
should be further examined whether the cognitive consequences of these white mat-
ter lesions are indeed more pronounced in catriers of the APOE*4 allele, compared
to persons with other APOE genotypes, as has been observed recently.5 Neutro-im-
aging studies, ideally implemented in a population-based setting,5*# will make an
important contribution to this field. In addition, the same type of study may reveal
whether damaging of the white matter by atherosclerosis is more pronounced in car-
tiers of the APOE*4 allele, which would further support the hypothesis of an im-
paired recovety from cerebral injuty in APOE*4 carrers. Other indicators of athero-
sclerosis, vascular pathology or hypoperfusion may be used to unravel the exact na-
ture of the association between the APOE genotype, atherosclerosis and dementia.
These include cerebral hypopetfusion, as estimated by single photon emission com-
puted tomogtraphy (SPECT), blood pressure, haemostatic factors and lipid levels.

Follow-up studies ate needed to determine whether the putative synergistic ef-
fects of APOE*4 and atherosclerosis can be extended to other functions than cogni-
tion. In particulat, it remains to be disclosed whether the functional outcome after
stroke, usually a reflection of atherosclerosis, is dependent upon the APOE geno-
type. The possible role of APOE in the response to injury should further be ex-
plored in relation to the outcome after other types of cerebral damage, including
trauma, radiation, and encephalitis.

Neuropathological studies In addition, the association between APOE, athero-
sclerosis and dementia should be further explored in neuropathological studies.
Autopsies are usually performed on selected patients. Restriction to cases who died
of external causes may overcome possible selection bias, but numbers will probably
be small.

The observation that the AD pathology is mote often related to clinical dementia
in the presence of cerebral infarcts,” is very interesting and should be confirmed.
Such an autopsy study may further reveal whether the degree of atherosclerotic
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changes of the cerebral arteries is associated with dementia and whether there is any
modification by the APOE genotype.

Experiments on genetically modified animals  The introduction of the vatous
human APOE genotypes into mice as well as the generation of APOE-knockout
mice, has already proven to be useful in the study of the consequences of ischaemia
and other types of cerebral injury. As this is a rapidly evolving area, it is to be ex-
pected that multiple genes will be incorporated in order to resemble closely the dis-
casc process (fignre 3). In the future, transgenic animals may provide a substrate with
which to test pharmaceutical compounds that may mimic apoE2 or apoE3 protec-
tion or protect against the relatively harmful effect of apoli4.

Apolipoprotein E genotype, smoking and dementia

Further population-based cohoit studies are needed to reveal whether the conse-
quences of smoking on the risk of dementia, truly differ between cartiers and non-
carriers of the APOE*4 allele. It should be further investigated whether stnoking
might have neuroprotective properties in some individuals,? 7 and whether selective
impairment  of cholinergic neurotransmission occurs in  association  with
APOE*4.47% Positron emission tomogtraphy may be used for these purposes when
mote specific radioligands have been generated.

Apolipoprotein E in therapeutic trials on dementia

In future trials of drugs generated to alter the development or progression of AD,
the APOE genotypes should be considered in the evaluation of the obscrved effects,
as APOE seems to be mvolved in many neurochemical processes. In randomised
clinical trials, randomisation may be done after APOE genotyping in order to yield
symmetrical distributions of the APOE genotypes across the different arms of the
trial. Further, in the analysis of a randomised clinical trial, analyses in strata of the
APQOE genotypes, may reveal whether any observed effect is modified by the APOE
polymorphism.

Furthermore, the observation that intraventricular infusion of apoll improved
learning capacity and neuronal structure in apoE deficient mice,”! suggests that apoE
may have therapeutic potential. Further studies are necessaty to develop agents with
similar effects as apol, which can pass the blood-brain-battier. Given the develop-
ments in genetic testing, eventually, ncuroprotective treatment may be administered
to brain injured persons with a genetic predisposition for poot outcome.
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9.1

Summary

This thesis describes the role of the apolipoprotein E genotype (APOE;
apoEi=protein) in atherosclerosis and dementia. These are two major disorders with
increasing impact in our ageing society. The consequence of atherosclerosis, vascular
disease, is the leading cause of mortality and disability. Dementia severely disturbs the
quality of life, and is feared by numerous older petsons.

High levels of total and LDL cholesterol and low levels of HDL cholesterol pre-
dispose to the development of atherosclerosis. The level of these lipids in serum is
partly determined by the APOE polymorphism. Besides, the APOE, genotype was
found to be involved in Alzheimer’s disease, the most common type of dementia.

For the results presented in this thesis, data were used from the Rotterdam Study,
a population-based cohott study among inhabitants of the suburb Ommoord in
Rotterdam. In total, 7983 persons (response 78%) patticipated, who were aged 55
years ot over at baseline. Atherosclerasis was non-invasively assessed by the presence
of plaques in the common carotid arterdes, calcifications of the abdominal aotta, the
common carotid artery intima-media wall thickness, and the ankle to arm blood pres-
sure index. The mini mental state examination was used to assess cognitive function.
Dementia was diagnosed using neuropsychological testing, neurological examination,
and neuro-imaging. Bvents of interest, including death, myocardial infarction and
stroke, were recorded after baseline examinations. After on average 2.1 follow-up
vears, 6315 (88%) of the 7215 subjects who wete still alive participated in the second
wave of the Rotterdam Study.

Chapter 2 provides a review on the penetic epidemiology of Alzheimer’s disease.
Up untl now, various autosomal dominant mutatons have been identified m three
genes. These encode for the amyloid precursor protein (APP; chromosome 21), pre-
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senilin 1 (PS-1; chromosome 14) and presenilin 2 (PS-2; chromosome 1). However,
these mutations are all extremely rare. More common is the APOE*4 allele, and its
effects are probably modified by various genetic and environmental factors. Findings
on other susceptibility genes have been difficult to reproduce. It is to be expected
that other, yet unknown genes are involved in the aetiology of Alzheimer’s disease.

Our studies suggest that APOL testing is not informative in the differential diag-
nosis of dementia. This issue was first consideted using the available literature on
APOFE and the non-Alzheimer’s disease dementias (chapter 3.1). As APOY*4
seems to be associated with the most important altetnative diagnosis for Alzheimer’s
disease, vascular dementia, and possibly also with other dementing diseases, it is not
to be expected that APOE testing can detect Alzheimer cases in a population of de-
mentia patients.

We investigated this topic further among 249 mildly to moderately dementia pa-
tients who participated in the Rotterdam Stady (chapter 3.2). APOE genotyping did
not change diagnostic certainty (likelihood ratic was 0.75 based on the presence of
one APOE*4 allele; likelihood ratio was 1.38 based on homozygosity testing), and
scems therefore of little value in the differential diaghosis of dementia.

Chapter 4.1 desctibes the association between the APOE genotype and demen-
tia with stroke, which included either vascular dementia or Alzheimer’s disease with
cerebrovascular disease. This issue was studied using data from the Rotterdam Study
and the Washington Heights Study, a population-based follow-up study performed
in Northern Manhattan, New York. As no major differences were observed between
the two sites, we pooled the data from both studies. Relative to APOE3E3, petsons
with the APOE4E4 genotype had a neatly 7-fold increased risk of dementia with
stroke (OR=6.9; 95% CI 1.6 to 29.4) while the OR associated with the APOE3E4
genotype was nearly 2-fold increased (OR=1.8; 95% CI 1.2 to 2.7).

In chapter 4.2 we evaluated the role of serum apoE level in Alzheimer’s disease.
Serum apoE level was lower in Alzheimer patients than in non-demented controls
(0.75 pmol/I (SD 0.35), versus 0.83 pumol/1 (SD 0.40)). This finding is in accordance
with lower seram apoE levels as observed in cattiers of the APOFE*4 allele, who are
over-represented among Alzheimer patients. After adjustments were made for the
APOE genotype, the difference in serum apoFE levels latgely disappeared. This ob-
servation suggests that the level of apoE in serum does not contribute to the patho-
genesis of Alzheimer’s disease, independent of the APOE genotype.

We further studied whether the APOE genotype is related to the course of Alz-
heimey’s disease (chaprer 4.3). For this purpose, 97 Alzheimer patients were in-
cluded at a similar stage i.e. before the onset of symptoms, and followed for up to 5
years. The change in cognitive function and the severity of dementia wete similar for
Alzheimer patients with and without the APOE*4 allele. The median survival after
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the onset of symptoms did not differ between the two groups either. However,
mortality rate was higher in APOE*4 catriers after adjusting for age {1.5; 95% CI 0.8
to 2.8), as carriers of the APOE*4 allele were younger at dementia onset.

Chapter 5,1 briefly sununarises the role of apoE in atherosclerosis. Besides its
functon in the metabolism of lipoproteins, apoE is involved in several processes in
the arterial wall. ApoE may inhibit the aggregability of platelets and modulate lym-
phocyte function. In addition, apoll may interact with the extracellular matrix,
thereby influencing the retention of lipoproteins.

In chapter 5.2 the association between the APOE genotype and atherosclerosis
was evaluated, using data from the Rotterdam Study. We found overall no relation-
ship between the APOE*4 allele and atherosclerosis, although the APOE4E4 geno-
type was weakly associated with atherosclerosis in the abdominal acrta and peripheral
arteries. By contrast, the APOE*2 allele appeared to be inversely associated with
atherosclerosis. Adjusting for serum apoll levels strengthened the association be-
tween APOLE#*2 and atheroscletosis, whereas adjusting for total and HDL cholesterol
only slightly changed the estimates. These findings suggest that serum apoE level is
not an intermedidte factor. Secondly, the main APOE*2 effects on atherosclerosis
seem not to result from its influence on lipid levels.

Furthermore, the effects of hoth APOE and atherosclerosis were studied in rela-
tion to cognitive function (chapter 6,1), and dementia. Carriers of the APOE*4
allele performed worse on the mini mental state examination than persons without
this allele. Furthermore, cognitive function in persons with atherosclerosis was worse
as compared to subjects without evidence of atherosclerosis. When the study popula-
tion was further steatified, we found that APOE*4 carriers with atherosclerosis had
the worst cognitive performance. Mild, non-significant effects on cognitive function
observed for atherosclerosis in the absence of APOE*4, and for APOE*4 in the
absence of atherosclerosis. Our findings suggest a synergistic effect of APOE*4 and
atherosclerosis with regard to cognitive performance.

In chapter 6.2 we studied the combined effects of APOE and atherosclerosis on
dementia. The consequences of both APOE*4 and atherosclerosis were stronger
than the sum of the cffects of APOE*4 alone and atherosclerosis alone. This again
suggests a synergistic interaction. Besides, as the APOL genotype was shown to be
associated with atherosclerosis, and atherosclerosis was found to be related to de-
mentia, we studied whether atherosclerosis could be intermediate in the association
of APOL and dementia. The association between the APOR genotypes and demen-
tia, did not essentially alter when adjustments were made for atherosclerosis or other
vascular factors. This suggests that atherosclerosis is not an intermediate factor.

Chapter 6.3 evaluates the association of APOE, smoking and dementia. Al-
though smoking is a well known risk factor for atherosclerosis, the combined effects

185



Chapter .1

of smoking and APOFE*4 on the occutrence of dementia, were opposite fromn the
combined effects of atherosclerosis and APOE#4. Among APOE*4 carriers, current
smoking was associated with a lower risk of Alzheimer’s disease (OR=0.6; 95% CI
0.1 to 4.8), as compared to non-smokers. Among non-APOE*4 carriers, current
stnokets had a higher risk of Alzheimer’s disease than never smokers (OR=4.6; 95%
Cl 1.5 to 14.2). These observations suggest an interaction between APOE*4 and
smoking in the aetiology of Alzheimer’s disease. In this chapter it is discussed that
smoking could affect the cholinergic systern, counterbalancing the putative impair-
ment associated with APOE*4.

Chapter 7 desctibes the population impact of the APOE genotype with regard
to vascular diseases, dementia and mottality. Persons with APOE4E4 younger than
65 years were at increased risk of myocardial infarcton. However, the incidence of
stroke was not strongly telated to the APOE polymorphism. Although carriers of the
APOE*4 allele were at increased risk of dementia, the contribution of APOE*4 to
the incidence of dementia on a population level, was modest, which reflects the rela-
tively low frequency of the APOE*4 allele. An estimated 185 per 100000 individuals
aged 55 or over, become demented each year as a consequence of carrying
APOE3E4 or APOE4E4 instead of the APOE3E3 genotype. Mortality was overall
not related to APOE, but increased in persons with ecither the APOE2E4 or the
APOEA4E4 genotype who were younger than 65 years.

Chaprer 8 summarises our findings together with observations from other
studies and methodological considerations. The discussion of the mechanism under-
lying out observations focuses on the involvement of APOE in the newropathology
of Alzheimer’s discase. APOE may be related to Alzheimer’s disease because of its
role in the response to cerebral injury, for instance due to atherosclerosis. As this
hypothesis is compatible with several studies in this thesis, it was discussed in more
detail. There are various mechanisms possible how apoE may play a role in the re-
sponse to cetebral injury. ApoE is involved in the transport of components for
plasma membranes to injured neurons, and may interact with the extracellular matrix,
or with growth factors. Furthermore, apol% could protect against oxidative stress,
and may modulate the glial response to inflaimmation. Finally, recommendations for

future research are given.
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Samenvatting

Dit proefschrift beschtijft de rol van het apolipoproteine F. genotype (APOE;
apoE=eiwit} in athetosclerose en dementie. Deze twee stoornissen spelen in onze
vergrijzende samenleving een steeds belangtijker rol. De consequentie van athero-
sclerose, hart- en vaatziekten, is de belangtijkste cotrzaak van morbiditeit en mor-
taliteit. Dementie is een zeer ingtijpende aandoening voor de patiént en zijn omge-
ving, en wordt gevreesd door vele ouderen.

Hypercholesterolemie en lage spiegels HIDL cholesterol vethogen het tisico op
atherosclerose. De concentratie van deze lipiden in serum wordt gedeeltelijk bepaald
door het APOE polymotfisme. Daarnaast bleck het APOE genotype een rol te spe-
lent bij de zickte van Alzheimer, de meest voorkomende vorm van dementie.

Voor de resultaten die gepresenteerd worden in dit proefschrift, werd gebruik
gemaakt van gegevens van het Erasmus Rotterdam Gezondheid en Ouderen
(ERGO) onderzoek, een bevolkingsonderzoek onder inwoners van de Rotterdarnse
wifk Ommoord. In totaal deden 7983 personen hieraan mee (respons 78%), die allen
55 jaar of ouder waren bij aanvang van het onderzoek. De aﬂnwezigheid van
atherosclerose werd niet-invasief gemeten middels het vootkomen van plaques i de
artetiae carotides communes, calcificaties in de aorta abdominalis, de intima-media
wanddikte van de arteriac carotides communes, en de enkel-arm index. De ‘mini
mental state examination’ werd gebruikt om het cognitief functioneren te beoor-
delen. De diagnose dementic werd gebaseerd op neuropsychologisch onderzoek,
newrologisch onderzoek en beeldvormend onderzoek. Sterfte, evenals het optreden
van een myocardinfarct of een cerebrovasculair accident werd geregistreerd na incla-
sie. Na gemiddeld 2.1 jaar werden 6315 (88%) van alle nog in leven zijnde 7215
deelnemers voor de tweede keer onderzocht.
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Hoofdstuk 2 geeft een overzicht van de genetische epidemiologie van de ziekte
vant Alzheimer. Tot nu toe zijn er vetscheidene autosomaal domihante mutaties
gevonden in drie genen, Deze coderen voor het amyloid precursor proteine (APP;
chromosoom 21), preseniline 1 (PS-1; chromosoom 14) en preseniline 2 (PS-2; chro-
mosoom 1), Echter, deze mutaties zijn alle buitengewoon zeldzaam. Veel frequenter
is het APOE*4 allel, de effecten hiervan worden waarschijnliik gemodificeerd door
verschillende genetische en omgevingsfactoren. Bevindingen naar andere ‘kwetsbaar-
heidsgenen” konden echter ntet altijd gereproduceerd worden. Het ligt in de lijn der
verwachting dat er meer genen een rol spelen in de etiologie van de ziekte van
Alzhetmer.

APOE genotypering lijkt ntet informatief te zijn in de differentiaal diagnostiek
van dementie. In hoofdstuk 3.1 wordt dit onderwerp beschouwd gebruikmakend
van de literatuur over APOE en de niet-Alzheimer dementicén. APOE¥4 is waat-
schijnlijk ook geassocieerd met de meest frequente type demente na de ziekte van
Alzheimer, vasculire dementie, en mogelijk eveneens et andete votmen van
dementie. Het is daarom niet waarschijnlijk dat APOE genotypesing gebruikt zal
kunnen worden om Alzheimer patiénten te onderscheiden van mensen met een
andere vorm van dementie.

De diagnostische waarde van APOL genotypering werd verder geévalueerd onder
249 mild tot matig ernstig demente patiénten die deelnamen aan het ERGO
onderzoek (hoofdstuk 3.2). APOE genotypering verhoogde de diagnostische
zekerhetd niet (waarschijnlijkheidsverhouding was 0.75 gebaseerd op de aanwezig-
heid van één APOE* allel; waarschijnlijkheidsverhouding was 1.38 gebaseetd op
testen voor twee APOE*4 allelen), en lijkt daarom van weinig waarde in de differen-
tiaal diagnostiek van dementie.

Hooldstuk 4.1 beschrijft de relatie tussen het APOE genotype en ‘dementie met
betoerte’, een verzamelterm voor vasculaire dementie en de ziekte van Alzheimer
met cerebrovasculaire pathologie. Dit onderwerp werd onderzocht met gegevens van
de ERGO studie en the Washington Heights Study, een cohort onderzoek onder de
algemene bevolking van het noordelijk deel van Manhattan in New York. Aangezien
er geen grote verschillen waren tussen de twee populaties, werden de gegevens
gecombineerd. Vergeleken met het APOE3E3 genotype, hadden dtagers van twee
APOE*4 allelen een bijna 7-keer hoger risico op dementie met beroette (OR=6.9;
95% BI 1.6 tot 29.4) terwijl dragers van het APOE3E4 genotype een bijna twee keer
verhoogd risico hadden (OR=1.8; 95% BI 1.2 tot 2.7).

Hoofdstuk 4.2 behandelt de rol van serum apoE bij de ziekte van Alzheimer.
De concentratie apoE in serum was lager bij Alzheimer patiénten dan bij niet- -
demente controles (0.75 pmol/l (SD 0.35), versus 0.83 pmol/1 (SD 0.40)). Deze
bevinding past bij de lagere serum apoE concentraties die gemeten worden bjj
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dragers van het APOE*4 allel, die over-vertegenwoordigd zijn onder Alzheimer
patiénten. Na correctie voor het APOE genotype, verdween het verschil in serum
apoll spiegels grotendeels. Dit wijst erop dat de concentratie apoF. in serum geen
determinant lijkt te zijn van de zickte van Alzheimer, onafhankelijk van het APOR
genotype.

We onderzochten verder of het APOE genotype perelateerd is aan het beloop
van de ziekte van Alzheimer (hoofdstuk 4.3). Hiervoor werden 97 Alzheimer
patiénten geincludeerd op het moment dat zij nog geen symptomen vertoonden, en
tot 5 jaar gevolgd. De verandering in het cognitief functioneren en de ernst van de
dementie waren gelijk voor Alzheimer patiénten met en zonder het APOE*4 allel.
De mediane overleving na het begin van de symptomen was eveneens gelijk voor de
twee groepen. Echter, de mortaliteit onder APOE*4 dragers was hoger na correctie
voor leeftijd (1.5; 95% BI 0.8 tot 2.8), aangezien patiénten met het APOE*4 allel
jonger waren bij aanvang van de dementie,

Hoofdstuk 5.1 vat kort de rol samen van apoE bij atherosclerose. Naast de
functie in het metabolisme van lipoproteinen, is apoE betrokken bij verschillende
processen in de arteriéle vaatwand. ApoE kan de aggregatic van trombocyten
remmen en de functic van lymfocyten befnvloeden. Daarnaast kan apoE een inter-
actie aangaan met de extracellulaire matrix, en daardoor de ophoping van lipopto-
teinen beinviceden.

In hoofdstuk 5.2 wordt de associatie tussen het APOE genotype en athero-
sclerose bestudeerd, gebruikmakend van gegevens van de ERGO studie. Wij vonden
overall geen relatie tussen het APOE*4 allel en atherosclerose, hoewel et cen zwak
verband bestond tussen het APOE4E4 genotype en atherosclerose in de aorta
abdominalis en de persifere arterién. Het APOE*2 allel daatentegen bleek omgekeerd
geassocieerd te zijn met atherosclerose. Cortectie voor serum apoE spiegels ver-
sterkte de inverse associatie tussenn APOE*2 en atheroscletose, terwijl correctie voor
totaal en HIDL cholesterol slechts weindg invloed had. Deze bevindingen suggereren
ten eerste dat de spiegel van apoE in serum geen intermedaire factor is. Ten tweede,
de belangtijkste effecten van APOE*2 op atherosclerose lijken niet het resultaat te
zijnt van het APOE#*2 effect op lipiden spiegels.

Verder werden de effecten van zowel APOE als atherosclerose bestudeerd in
relatie tot het cognitief functioneren (hoofdstuk 6.1), en dementie. Dragers van het
APOL*4 allel presteerden slechier op de ‘mini mental state examination’ dan
personen zonder dit allel. Daarnaast was het cognitief functioneren van mensen met
atherosclerose slechter vergeleken met personen zonder aanwijzingen voor athero-
sclerose. Wanneer we de onderzoekspopulatie verder stratificeerden, vonden we dat
APOE*4 dragers met atherosclerose het slechtst presteerden. Geringe, niet-signifi-
cante effecten wat betreft het cognitief functioneren was gerelateerd aan athero-
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sclerose zonder APOE*4, en voor APOE*4 zonder atherosclerose. Deze be-
vindingen doen een synergistisch effect van APOE*4 en atherosclerose vermoeden
ten aanzien van het cognitief functioneren.

In hoofdstuk 6.2 bestudecrden we de gecombincerde effecten van APOE en
atherosclerose met betrekking tot dementie. De consequentie van zowel APOE*4 als
athetosclerose was sterker dan de som van de afzonderlitke factoren. Dit suggereert
wederom cen synergistische interactie. Daarnaast bestudeerden we in hoeverre
atherosclerose een intermediare factor zou kunnen zijtr in de associatie van APOE
met dementie, aangezien het APOE genotype geassocicerd bleek te zijn met athe-
rosclerose, en atherosclerose gerelateerd was aan dementie. De associatie tussen het
APOE genotype en dementie veranderde nauwelifks na statistische correctie voor
atherosclerose of andere vasculaire factoren. Dit suggereert dat atherosclerose geen
intermediare factor is.

Hoofdstuk 6.3 bespreekt de relatie tussen APOE, roken en dementie. Hoewel
roken een bekende risico factor is voor atherosclerose, verschillen de gecombineerde
effecten van roken en APOE* ten aanzien van het voorkomen van demente, van
de gecombineerde effecten van atherosclerose en APOE*4, Onder dragers van het
APOE*4 allel, hadden rokers een lager risico op de ziekte van Alzheimer (OR=0.6;
95% BI 0.1 tot 4.8), dan mensen die nooit hadden gerookt. Onder niet-APOE*4
deagers hadden rokers een hoger risico om de ziekte van Alzheimer te krijgen dan
mensen die nooit hadden gerookt (OR=4.6; 95% BI 1.5 tot 14.2). Deze bevindingen
suggereren een interactie tussen APOLE*4 en roken in de etiologie van de ziekte van
Alzheimer. Roken zou invloed uit kunnen oefenen op het cholinerge systeem, en
daarmee de nadelige effecten van APOE*4 kunnen compenseren.

Hoofdstuk 7 beschrijft de invloed van het APOL genotype op populatic niveau
met betrekking tot hart- en vaatziekten, dementie en stetfte. Personen met het
APOEA4E4 genotype die jonger waren dan G5 jaat, hadden een verhoogd tisico om
een myocardinfarct te kefjgen. Daarentegen was de incidentie van het cerebro-
vasculair accident niet duidelijk gerelateerd aan het APOE polymotfisme. Hoewel
dragers van het APOE*4 allel een verhoogd risico hadden op dementie, was de
bijdrage van APOE*4 aan de incidentie van dementie op populatie niveau gering. Dit
weerspiegelt de relatief Inge frequentic van het APOE*4 allel. Naar schatting 185 per
100000 mensen van 55 of ouder, worden jaatlijks dement omdat zij tenminste drager
zijn van APOE3E4 of APOE4EA4, in plaats van het APOE3E3 genotype. De mot-
taliteit was overall niet gerelateerd aan APOE, maar verhoogd onder personen met
het APOEZE4 of het APOE4E4 genotype, jonger dan 65 jaar.

Hoofdstuk 8§ vat onze bevindingen samen met die van andere studies en be-
steedt aandacht aan enkele methodologische aspecten. De bespreking van het mecha-
nisme dat ten grondslag ligt aan onze epidemiologische bevindingen concentreert
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zich op de rol van APOE in de neuropathologie van de ziekte van Alzheimer. APOE
zou een rol kunnen spelen in de pathogenese vanwege zijn rol in het herstel na
cercbrale schade, bijvoorbeeld vanwege atherosclerose. Deze hypothese werd
gedetailleerder besproken aangezien deze compatibel is met verschillende studies van
dit proefschrift. Er zijn verschillende mechanismen mogelijk wat betreft de rol van
apold in het hesstel na cerebrale schade. ApoE is betrokken bij het transport van
componenten voor plasma membranen naar beschadigde neuronen, en zou een
interactie aangaan met de extracellulaire matrix, of met groeifactoren. Ook zou apoE
kunnen beschermen tegen oxidatieve stress, en zou de inflammatoire reactie van glia
cellen kunnen moduleren. Ten slotte werden suggesties gedaan voor toekomstig
onderzocek.
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