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Numerous studies have shown that the risk of Alzheimer’s disease (AD) is associated with the dose of the € 4 allele of
apolipoprotein E (ApoE). However, more than one third of AD patients lack ~4 and many persons having ~4 survive
cognitively intact to old age. We evaluated the lifetime risk of disease in 3,999 first-degree relatives of 549 probands
who met the criteria for probable or definite AD and whose ApoE genotypes were known. ApoE genotypes for
relatives were not determined. After age 65 the risk among relatives was proportional, as much as 7 to 10% at age
85, to the number of ~4 alleles present in the proband. Risks to relatives of ApoE 212 and 2/3 probands were nearly
identical at all ages to risks for relatives of ApoE 3 / 3 probands. The expected proportion of relatives having at least
one € 4 allele was calculated for each genotype group based on the distribution of parents, sibs, and offspring in the
sample. Among relatives in the ApoE 3 / 3 group, the lifetime risk for AD by age 90 was three times greater than the
expected proportion of ~4 carriers, suggesting that factors other than ApoE contribute to AD susceptibility. Furthermore, the 44% risk of AD by age 93 among relatives of ApoE 414 probands indicates that as many as 50(%’of people
having at least one ~4allele d o not develop AD. We also found that among male relatives, risk of AD in the ApoE
314 group was similar to that for the ApoE 313 group but significantly less than the risk for the ApoE 414 group.
In contrast, among female relatives the risk for the ApoE 314 group was nearly twice that for the ApoE 3 / 3 group
and identical to the risk for the ApoE 414 group. These findings are consistent with a sex-modification effect of the
E4 isoform on disease susceptibility.
Farrer LA, Cupples LA, van Duijn CM, Kurz A, Zimmer R, Muller U, Green RC, Clarke V, Shoffner J ,
Wallace DC, Chui H, Flanagan SD, Duara R, Sr. George-Hyslop P, Auerbach SA, Volicer L. Wells J M ,
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Alzheimer’s disease (AD) is a degenerative disorder
that causes loss of memory and cognition in more than
6 to 10% of the population over the age of 65 11,
21. Increased risk of disease is associated with several
epidemiological risk factors (for a review see 121); how-

ever, none of these has been consistently observed.
T h e strongest predictors of disease risk are age and
family history of AD.
Molecular genetic studies have implicated at least
four genes in disease pathogenesis. Mutations in three

From the Departments of *Neurology and tEpidemiology and Biostatistics. Boston University School of Medicine, Boston; $Depart-

Received Apr 28, l W 5 , and in revised lorniJun
for publication Jul 13, lY95.

7

and 30. Accepted

Technischen Universitat Munchen, Munich; ** Insritur fur Humangenerik der Justus-Liebig-Universitat, GieRen, Germany; Departments of ftNeurology and $$Genetic and Molecular Medicine, Emory LJnivrrsity. Atlanta, GA; $$University of Southern California,
Los Ange1es;”Beckman Research lnsrirute of the City of Hope, Duarre, CA; “*”University of Miami School of Medicine. Miami, FL;
ttfDepartment of Neurology, University of Toronto, Toronro, Onrario, Canada; $$$Geriatric Research Education and Clinical Center,
Edith Nourse Rogers Memorial Veterans Hospital. Bedford, M A ;
WNeurogenetics Laboratory, Born Bunge Laboratory, Universiry
of Antwerp, Antwerp, Belgium; and e”Molccular Neurogenetics
Unit, Massachusetts General Hospital, Boston, MA.

Copyright 0 1995 by the American Neurological Association

777

of these, the chromosome 2 I gene encoding P-amyloid
precursor protein, the AD3 gene on chromosome 14,
and the SMT2 gene on chromosome 1, account for a
relatively small group of patients with autosomal dominantly transmitted disease that manifests usually before
the age of 65 13-71. The e 2 and e4 alleles of the
apolipoprotein E (ApoE)gene are in linkage disequilibrium with A D in patients from various parts of the
world with early onset [S] and late onset [9] of symptoms (see [ l o } for an extensive list of studies). The
biological basis for these associations is unknown.
In vitro experiments suggest that the E3 (and E2)
isoforms interact metabolically with microtubuleassociated proteins in a manner different from the E4
isoform Ell, 12). However, because neurons do not
express ApoE messenger R N A (mRNA) and the cellular trafficking of ApoE in neurons is poorly understood, this explanation for the role of ApoE in A D
pathogenesis is still speculative. Alternatively, aberrant
interaction between ApoE and f3-amyloid may be a
critical step in the disease [ 131.
In spite of the compelling evidence for a dose effect
of e4 on risk and age at onset of A D [ 141, the sensitivity and specificity of the association are modest 1 1 51.
Here, sensitivity refers to the proportion of individuals
with e4 among those who will develop AD; specificity
refers to the proportion of individuals without e4
among those who will not develop disease. Reduced
sensitivity of ~4 for A D suggests that the disorder in
many persons is caused by factors independent of
ApoE. The observation that not all persons who have
the ~4 allele develop A D (i.e., reduced specificity) suggests that either the effect of € 4 is modulated by other
risk factors or such persons in whom the disease is
apparently nonpenetrant have not survived to their
eventual onset age.
To address the questions of sensitivity and specihcity
of ApoE on risk of AD, we investigated the relationship between lifetime risk of disease, ApoE genotype,
and sex in a group of 549 families in which the probands met rigorous diagnostic criteria and were genotyped for ApoE.
Materials and Methods
Su6jectnh
Two patient cohorts were recruited for this study. One group
includes 378 participants in the Multi-Institutional Research
in Alzheimer Genetic Epidemiology (MIRAGE) Study. M1RAGE centers are tertiary care units that evaluate patients
referred for a memory disorder. The groups participating in
this study are the Alzheimer's Disease Resource and Referral
Center at the Boston University Medical Center (BU); the
Geriatric Research Education and Clinical Center (GRECC),
Edith Nourse Rogers Memorial Veterans Hospital, Bedford,
MA (Bedford);the Wesley Woods Center at Emory University, Atlanta, G A (Emory); the Memory Disorders Unit of
the Massachusetts General Hospital (MGH); the Wien Cen-
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ter at Mount Sinai Medical Center in Miami Beach, FL (Miami ); the Southern California Alzheimer's Disease Diagnostic
and Treatment Center at the Rancho Los Amigos Medical
Center, Downey, CA (USC); and the Psychiatry Clinic at the
Technical University of Munich, Germany (Munich).
MIRAGE patients were consecutively ascertained from
the clinic populations at each of the centers and underwent
a rigorous diagnostic evaluation including a neurological examination and appropriate neuropsychological, laboratory,
and brain imaging tests. Eligible probands had a rating of 1
(59 subjects) or 2 (319 subjects) on the A axis of the MIRAGE A D rating scale 1161. These ratings correspond to
National Institute of Neurological anJ Communicative Disorders and Stroke/ Alzheimer's Disease and Related Disorders Association (NINCDSIADRDA) criteria for definite
(i.e., autopsy-confirmed) or probable AD, respectively [ 171.
Interrater reliability of diagnosis among MIRAGE sites using
this rating scale was found t o be sufficiently high 1161. Information on family history of dementia among first-degree relatives (i.e., parents, siblings, and children) was collected from
a primary informant (usually a spouse or child, and occasionally a sibling) using standardized questionnaire instruments
administered by direct or telephone interview. Multiple informants were sought to supplement and verify these responses. Relatives were considered t o be affected if they met
criteria for ratings 1 to 4 on the MIRAGE A D rating scale.
Ratings of 3 or 4 correspond to varying degrees of certainty
in the diagnosis of possible AD. Additional details regarding
patient sampling and evaluation can be found elsewhere
tV. S. Rao and colleagues, unpublished manuscript, 1995).
Of the 1,150 probable and definite AD patients at these
centers for whom family history information was available,
tissue samples for D N A analysis were obtained for 59 autopsied subjects and 319 subjects who were evaluated in the
clinic between July 1993 and April 1905. Selected characteristics of the probands are given in Table 1.
The second subjecr group was composed of 171 patients
enrolled in a population-based study in the Netherlands [ 181.
All of these patients had onset of symptoms before the age
of 65 years and are thus considered t o have early-onset AD.
Details of the study design and diagnostic criteria have been
published [ l X , 191. Probands were evaluated by two physicians who independently confirmed the diagnosis of probable
AD using a standard protocol similar to NINCDSiADRDA
and MIRAGE criteria. Our previous studies showed that lifetime risk and patterns of familial aggregation of illness among
first-degree relatives of these patients [ 181 were similar to
results obtained from studies of M G H patients [20, 211.

ApoE Ge~otypiiig
The ApoE assay for the AD cases was performed by polymerase chain reaction (PCR) applying the methoJ of Wenharn
and coworkers [221 or van Duijn and colleagues [ 8 ] . The
ApoE gene was amplified using conditions as described elsewhere [8, 251 tL. A. Farrer and colleagues, unpublished
manuscript, 1995). The PCR product was digested with either H / ~ uI or Cfa I following a standard procedure [ 2 4 ] and
fragments were separated on a standard 6':; nondenaturing
polyacrylamide gel. ApoE genotype frequency data for the
Dutch patient group have been reported [ 8 } .

November 1995

Table I. Characteristics of Probands and First-Degree Relatitla by Site
Probands

Relatives

Site

No. of
Males

No. of
Females

Onset Age (yr)
(mean ? std)

Boston University
Bed ford
Emory
Massachusetts General Hospital
Miami
Munich
Rotterdam
University of Southern California
Total

23
27
7
48
4
28
56
14
207

37
0
8
103
13
41
115
23
340

70.8 ? 8.0
64.2 ? 8.2
75.5 ? 6.1
67.6 t 8.3
74.0 t 8.1
8.8
65.1
57.8 ? 5.0
67.2 ? 6.7
65.3 f 9.2

Estimation of Lifetime Risk and Age
at Onset Distribution
The lifetime risk of dementia and the age at onset distribution for first-degree relatives of the A D probands were estimated using a maximum likelihood procedure [25]. This
method considers not only affected persons with known onset ages and unaffected persons with known censoring ages
(i.e., those persons typically included in a Kaplan-Meier survival analysis [ 2 6 ] ) ,but also persons for whom onset age or
censoring age data are missing. In this study. 35 affected and
75 unaffected individuals (2.75%) of all relatives) were lacking these data but were able to be incorporated in the analysis. This method also allows for the possibilities that a proportion of relatives asymptomatic at the time of study may be
susceptible and express the disease later in life and that some
dead relatives may have died from causes unrelated to A D
although symptoms may have developed had they survived.
All lifetime risks, mean ages at onset, and survival distributions reported here were estimated using this method.
Parameter estimates and their standard errors for the estimated lifetime risk and mean onset age were compared between subgroups of A D relatives at the oldest age common
to both groups. Since asymptotically these maximum likelihood statistics have normal distributions, a large sample Z
statistic was used for these comparisons [27J Test-based confidence intervals for risk ratios were computed using this Z
statistic. A log-rank statistic was used to test homogeneity of
onset age distributions [28). For the purpose of these analyses, probands were stratified by ApoE genotype. For some
analyses, families of probands with an ApoE genotype of 212
or 213 were combined with families whose probands were
313, and families of probands with 214 were combined with
314 families. Gender effects were evaluated by further stratification of the relatives by sex and sex of the proband. Interaction of ApoE genotype and sex on lifetime risk of A D was
tested formally by proportional hazard regression analysis in
the 77.25% of subjects who had known censoring ages [29].
Models were evaluated using the PHREG procedure of the
SAS ~301.

Distribution of

~4among First-Degree Relatises

To assess directly the proportion of the estimated lifetime
risk of disease among relatives attributable to ApoE geno-

*

No.
Affected

No.
Unaffected

5

443
196

16
106
11
16
112
28
3 16

1,102
127
431
1,073
2 16
3,683

22

75

type, one would need to have ApoE information on the relatives. This was not feasible because most parents and sibs are
either deceased o r otherwise unavailable for study. Genotyping children for ApoE is not warranted since most are too
young to have expressed disease. However, the expected
proportions of first-degree relatives of AD patients having at
least one ApoE e4 allele can be derived from the conditional
probabilities of the possible mating types among parents and
spouses of the probands having a specified ApoE genotype.
For these analyses, we modeled ApoE genotype as a twoallele system with frequencies p and q for the non-e4 (i.e.,
.52 and 83) and e4 alleles, respectively, and assumed that
the frequency of the e4 allele in parental chromosomes not
inherited by the proband was 0.135, that is, the same as in
the general population t31). Because the 8 2 allele accounts
for less than 8% of the polymorphism in the general population [31), its frequency was combined with that for e3.
Hardy-Weinberg equilibrium among the allele frequencies
was assumed.
To calculate the proportion of a specific group of relatives
(ix., parents, sibs, or offspring) having the ApoE 314 or 414
genotype, the conditional probability of each possible mating
type was multiplied by the proportion of relatives having the
genotype, and these products were summed over all possible
matings. The expected proportions of parents, sibs, and offspring having ApoE 314 and 414 genotypes are given in Table
2. The expected proportion of first-degree relatives having
at least one e 4 allele was then determined in a two-step
process. First, within each proband genotype group the expected frequencies from Table 2 for each set of relatives
were summed to calculate the total proportion of individuals
having at least one e4 allele. Second, these proportions were
adjusted for the relative frequencies of parents, sibs, and
offspring in the sample.

Results
Over a life span of 76 years, the risk for dementia to
first-degree relatives of all A D probands was 40.6 +
4.3% (Table 3). The estimated mean onset age for
affected relatives was 80.8 t 1.4 years. Stratification
of the families by ApoE genotype of the proband revealed that relatives of probands having at least one ~4
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Table 2. Expected Proportion of' First-Degree Reiatzi8e.i Hai,irig at Least Orie ApoE

Parents

Proportion of Relatives Having ApoE Genotype

Spouse

Parents

~

Proband's
Genotype"

Possible
Mating

xx

xx x xx
xx x x4
x4 x x4

Conditional
Probabilityb

Possible
Genotype

~4Allele

Conditional
Probability

X4

44

Sibs

X4

Offspring

x4

44

44

xx
X4

44

Total

x4

xx x
xx x

xx

x4

x4

44

X I x Xd

x4

x

44

44

Total

44

x4 x x4

xx

Xr'l x 44

Xd

44 x 44

44

P'
P9
0

Total
"X

=

hp

=

P

4

P

F Z or ~ 3 .

frequency of X (i.e., e 2

+ ~ 3 )q; =

frequency

cif

F A ; Hardy-Weinberg equilibrium assumed, therefore p

+

q =

I

Tablr .3. Estimated Lgetinie Riik r/f A D and the A g at Onset Dictribi/tioii unioiig Fzrir-Degree Relatires o / A D Prohanth Stratifird
by ApoE Genotype and among Coiitwl S14hjrm
No. of Relatives

Group

No. of
Probands

Affected

Unaffected

Oldest Onset
Age ( y r )

Lifetime Risk
(SE)

All

549

316

3,683

96

0.406 (0.0.Ij)

80.8 ( 1 . 4 )

E 2 2 l E 231E33

225
324

95
22 1

1,508
2.175

06

93

0.360 (0.085) 0.274 (0.047)
0.453 (O.O.46) 0.453 (0.046)

8.3.7 ( 2 . 8 )
79.7 ( 1 . 2 )

2'0
1,238
1,546
562

85
96
93
91

0.178 (0.053)
0.383 (0.092)
0.458 (0.056)
0.442 (0.082)

E241E341C44

40

14

t'33
e 34

185
228

F44

86

81
155
61

E

22lE 2 3

"Risk at maximum age common

to

0.1% (0.053)
0.196 (0.02(>)
0.295 (0.020)
0.370 (0.048)

Mean Onser Age
( y r ) (SE)

-6.7 ( 2 . 5 )
84.2 ( 2 . 7 )
80.4 ( 1.4)
_' _J . 8( 2 . 2 )

comparison groups (i.e., the smallest o f the oldest onset ages); see text for groups being compared.

allele had an 18Y greater risk of developing A D by
age 93 than did relatives of probands lacking ~4 ( Z =
2.72, p = 0.OO66). T h e estimated mean onset ages of
the two groups were not significantly different ( Z =
1.40, p = 0.16). These findings suggest that although
the relative proportion of early- and late-onset cases is
similar among relatives of probands with or without
the e 4 allele, the risk of A D is higher in relatives of
e 4 probands for ages of 6 5 years and older (Fig 1 ) .
T h e relative risk for A D by the age of 9.3 for those
with an affcctcd relative with ~4 compared with those
conwith an affected relative lacking ~4 is 1.65 t%".i
fidence interval = 1.2-2.4).
At every age after 65 years, the risk of A D among
relatives was proportional t o the number of e 4 alleles
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present in the proband (Fig 2 ) . At age 85 (the maximum onset age among affected relatives common to
all genotype groups) the cumulative incidence of A D
among relatives of patients having ApoE genotype
2 / 2 or 2 / 3 was not significantly different from the risk
among relatives of ApoE 313 patients ( p = 0.30).Relatives of probands having ApoE 3/.3 had a lifetime risk
of 0.20 of developing A D by age 85. h s k of disease
among relatives increased by 7 to 109; with the number of € 4 ;tlleles in the proband; however, only the
difference between the 313 and 314 groups was significant (313 vs 3/41 Z = 2.69, p = 0.0072; -314vs 414:
Z = 1.37, p = 0.17). I11 fact, the entire distributions
for the ApoE 314 and 414 groups were not significantly
different (log-rank x L = 1.00, p = 0.32). Although

November 1905

0.50

Relatives of ApoE -4 Robands
Relatives of ApoE non-4 Robands

0.45

0.40

8
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R
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1
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0.05

0.00
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Fig 1 . Estimated IIfetiine inciderzce of Afzhrinit.rj di.sease ( A D )
ill first-degree relatires of A D prohand ujieth ApoE 4 and ApoE
11o)i-4 gemtypes. Vertical lines shouj statitlard errors at each
age iialue for onset in aflected relatires.

Table 3 suggests a trend of decreasing onset age among
affected relatives with dose of ~4 in the proband, all
pairwise comparisons between mean onset ages for relatives of 313, 314, and 414 probands were not significant. Lifetime risk and the onset age distribution were
not estimated for relatives of the 10 ApoE 214 probands because results from such a small sample would
not be accurate.
Estimates of the proportions of relatives having
ApoE genotype 3 / 3 or 3/4 (see Table 2) and the observed distribution of relatives were used to derive the
expected proportion of relatives having at least one
~4 allele (Table 4). Approximately 137f of the 1,319
relatives of the A D probands having ApoE 313 are
predicted to be € 4 carriers. This estimate equals one
half of the cumulative incidence of AD by age 90 in
this group of relatives. These results indicate that famil-

ial factors other than ApoE contribute to aggregation
of A D in this group of families. I n contrast, among
relatives of ApoE 314 and 414 probands, the expected
proportions of € 4 carriers are 1.5 and 2.1 times greater,
respectively, than the lifetime risk of AD. Therefore,
even after allowing for the possibility of onset of disease symptoms as late as age 30, between 34 and 5 1%
of € 4 carriers are predicted to be cognitively normal.
Comparisons of lifetime risk with the expected proportion of ~4 carriers were not done for parents and sibs
separately because the life risks for these groups of
relatives were not significanrly different, regardless of
the ApoE genotype of the proband (data not shown).
For each ApoE genotype, lifetime risks of A D
among relatives of male and female probands were not
significantly different at the comparison age of 82 years
(Table 5). However, stratification of the relatives by
sex revealed that among probands having ApoE 314,
female relatives had approximately twice the lifetime
risk as male relatives of developing AD by age 84 (Z
= 3.92, p = 0.00009). The gender differences in risk
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T d r 4. Conipnrisori of Expected Prupovtioii of Rdntiws Haifirig ApoE €4 with Lifetime R u k of A D
Expected Proportion of Relatives Having
ar Least 1 ApoE ~4 Allele

Parents

Sibs

Offspring

Total

Parents

Sibs

Offspring

Total”

Lifetime Kisk (SE)
of A D in Relatives
at Age 00

114

353
430

676
848

290
413

1,319
1,701

0.135
0.568

4 4

160

327

1-56

623

0.130
0.597
0.813

0.135
0.568
1.0

0.133
0.582
0.902

0.2.41 ( 0 . 0 3 5 )
0..304(0.042)
0.430 (0.076)

Proband’s
ApoE
Genotype

313

No. of Relatives

1.0

“Weighrrcl for sample sizes of parrnts, sibs, and offspring.
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Table 5. Estimated Lifetime Risk of A D among First-Degree Rekatii'es Stratifed by Sex of the P w b d d qSe.x afthe Rdczttm,
atzd ApoE Genotype of the Proband
No. of Relatives

Age (yr)

Lifetime Risk (SE)

Age

R ~ s k(SE)

20

458
538
206

96
90
82

0.573 (0.168)
0.439 (0.078)
0.283 (0.064)

82
81
82

0.134 (0.031)
0.256 (0.034)
0.283 (0.064)

47
95
41

780
1,002
356

93
93
91

0.267 (0.070)
0.477 (0.078)
0.527 (0.112)

82
82
82

0.15 1 (0.026)
0.248 (0.027)
0.328 (0.054)

28
48
27

640

96

80 1
27 1

93

84
"

0.140 (0.032)
0.170 (0.030)

91

0.334 (0.179)
0.351 (0.090)
0.526 (0.182)

84

0 . 3 3 0 (0.070)

53
107
34

596
739
271

93
92
85

0.374 (0.072)
0.538 (0.068)
0.409 (0.067)

84
84
84

0.206 ( 0 . 0 3 3 )
0.348 (0.034)
0.374 (0.061)

Affected

Group

Unaffected

Comparison.'

Oldest Onset

Male probands
E 3 3

34

F 34

60

E44
Female probands
E33
E 34
E44
Male relatives
E33
E 34
E44
Female relatives
E33
E 34

E44
'See

text

for groups bring compared.

for the relatives of ~3 and ~4 homozygotes were not
significant ( Z = 1.44, p = 0.15 and Z = 0.47, p =
0.64). Furthermore, Figure 3 shows that among male
relatives the estimated risk for the ApoE 3/4 group
was not different from the risk for the ApoE 313 group
but was about one half the risk for the ApoE 4 / 4
group ( Z = 2.10, p = 0.036). In contrast, among female relatives the risk for the ApoE 3/4 group was
nearly twice the risk for the ApoE 3 / 3 group ( Z =
3.00, p = 0.0026) but almost identical to the risk for
the ApoE 414 group (Fig 4). Proportional hazards analyses revealed that male relatives of 3 / 3 and 3/4 probands have reduced risk of A D compared with male
relatives of 4/4 probands (relative risk [RR] = 0.56;
95% confidence limits = 0.35-0.91, p = 0.018). In
contrast, female relatives of 314 and 4 / 4 probands had
an increased risk of A D compared with female relatives
of 3 / 3 probands (RR = 1.90, 95% confidence limits
= 1.36-2.66, p = 0.0002).
Discussion
In this sample of 549 families, the risk of A D among
first-degree relatives increases significantly with the
number of ApoE ~4 alleles present in the proband.
These results support the hypothesis that the E4 isoform enhances disease susceptibility. However, the
risk of developing AD does not correspond fully with
the estimated proportion of ~4 carriers among the relatives in this group of families. Among relatives of
ApoE 3/4 probands, women have approximately twice
the risk as men of developing A D by a given age.
Approximately two thirds of the probands in this
study were ascertained from specialty clinics for mem-

ory disorders participating in the MIRAGE Study and
these subjects may not be representative of all AD
patients. Clinic patients tend to have younger ages at
onset and be more educated than others. Although age
at onset may be related to ApoE genotype, it is unlikely
that either of these factors distorted the association
between ApoE genotype of the proband, familial clustering of AD, and gender. It is also possible that clinic
patients are more likely to report a family history of
dementia [32]. However, at age 70 the lifetime risk of
A D in the relatives of MIRAGE patients (30.9 ?
2.5c/r) was less than the corresponding risk to relatives
of the Dutch population-based patients (38.8 ?
6.29ii), but the difference was not significant ( p =
0.24). Another concern is that only one third of the
MIRAGE patients at these centers were genotypcd for
ApoE. Although most of the remaining subjects were
either deceased or no longer followed in the clinic,
refusal of some to donate a blood sample may have
introduced a selection bias associated with perceptions
of family history of AD. This is also unlikely because
the 30.9% risk for relatives of the 378 MIRAGE patients in this study is nearly identical to the corresponding risk estimated for relatives of the total sample of
1,694 MIRAGE patients (32.9 2 1.3%) [33].
The observations that relatives of ApoE 3/3 probands have a 38% lifetime risk (to age 96) of developing AD, but only 13% of these individuals are predicted to have at least one ~4 allele, suggest that
familial factors (genetic or nongenetic) independent of
ApoE contribute substantially to disease susceptibility.
van Duijn and coauthors [8} reported that both the
number of ~4 alleles and a family history of a first-
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0.75

4
Male Relatives of APE-34
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1
w
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i
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0.40
0.35
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U

0.20

0.15
0.10
0.05
0.00
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degree relative with memory problems influence risk
of early-onset AD, but there is disagreement whether
these two factors act additively or interact in the prediction of AD [34, 351. It is likely that ApoE interacts
with other molecules in the pathophysiology of AD
given its important role in a variety of physiological
pathways [36, 37). Our lifetime risk data for ApoE
313 probands and for relatives of affected members of
families with familial late-onset A D 137, 401, and genetic linkage studies C37, 38) support the existence of
other AD genes that may interact with ApoE.
Although our data demonstrate a significant increase
in risk of disease among relatives with dose of e4 in
the proband (see Table 3), the 7 to 10% increase in
risk for each e4 allele in the proband is much less
than expected if the E4 isoform was sufficient to cause
disease in all people. In fact, the lifetime risk estimate
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80

90

100

IN YEARS
of 44c/;among first-degree relatives of ApoE 4 / 4 probands suggests that after adjusting for censored observations, as many as 50% of people having at least one
~4 do not develop AD. Approximately 66% of the
relatives in this group are predicted to have the ApoE
3/4 genotype and 24% to be e4 homozygotes. Since
none of the relatives were typed for ApoE, we cannot
compare the risk of disease for relatives with 3/4 versus 414 genotypes. However, the fact that the risk by
age 90 to relatives of 3/4 probands, of whom only 7%
are predicted to be ~4 homozygotes, is only 4.4%.
lower than the risk to relatives of 4 / 4 probands (see
Table 4 ) , indicates that a substantial proportion of persons with the 4 / 4 genotype are cognitively normal at
a very old age. This conclusion is supported by crosssectional population-based studies [4 1, 42). The disparity between risk of disease and proportion of ~4
carriers may be attributed to an underestimate of dementia among relatives. This explanation is unlikely
for two reasons. First, to maximize diagnostic certainty
among relatives, we restricted our analysis to first-
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degree relatives, used mutliple informants, and reviewed medical and other records for all subjects suspected to have dementia. Second, since the relatives
of ApoE 313 probands have a higher risk of disease
than the expected proportion of ~4 carriers, the degree
of underestimation would have to vary by ApoE genotype, and there are no apparent reasons for this.
The finding that relatives of probands having ApoE
genotype 212 or 213 have the same risk as relatives of
ApoE 313 probands does not support the evidence for
a protective effect of the e 2 allele on the risk of A D
[42-461. However, our results are also not conclusive
for the hypothesis of an increased risk associated with
this allele C47-491. There are several explanations why
our analyses do not distinguish between these two
hypotheses. First, the proportion of relatives having
~ 4and
, the 414 genotype in particular, is the same for

80

90

100

IN YEARS
ApoE 212, 213, and 313 probands. Thus, although the
proportion of relatives of ApoE 212 or 213 probands
having ~2 is estimated to be six to seven times higher
than among relatives of 313 probands, in the collective
group of relatives whose individual genotypes are unknown, the effect (positive or negative) of ~2 may have
been masked by the detrimental effect of ~ 4Alterna.
tively, a much larger sample of e 2 probands may be
needed to demonstrate a difference in lifetime risk of
A D among relatives. It is also plausible that the effect
of ~2 on risk of A D may depend on other genetic
or environmental factors. Our study sample includes
patients from various ethnic backgrounds and geographic regions.
The trend of younger onset age among affected relatives with dose of e4 in the proband was nor significant.
In fact, because in our procedure mean onset age was
estimated simultaneously with the lifetime risk, the
means would have been even more similar had the
maximum onset ages for each group been the same.
Lack of a dose effect reflects, perhaps, a limitation of
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our study design for relating ApoE genotype in probands to risk of illness and expression in relatives. Alternatively, previous estimates for the onset age distribution of each ApoE genotype were biased because
they were derived from members of families with lateonset familial AD {14]. This explanation is unlikely
because although the distributions estimated from AD
patient samples may be skewed from the true distributions, differences between ApoE genotype groups
should be the same. Moreover, a dose effect of ~4 on
age at onset is also supported by family studies [SO521. A more plausible explanation for our findings is
that age at onset of A D is determined by a complex
interaction of genetic and environmental factors (V. S.
Rao and colleagues, unpublished manuscript 1995) of
which only two (ApoE genotype and sex) were considered in the present study.
A gender difference in lifetime risk of AD among
relatives of ~4 heterozygotes was observed previously
in a study of 52 families with late-onset familial A D
[5 31; however, the relative differences in risk attribucable to ApoE genotype were relatively small compared
to other factors because men and women in those families lacking e 4 had a lifetime risk of AD of at least
70%. Duara and coworkers [54] also found that the
proportion of affected women versus affected men was
higher for relatives of probands having the ApoE 3/4
genotype than for relatives having the ApoE 3 / 3 genotype. The apparently reduced risk of A D among male
relatives of ApoE 3 / 4 probands may be due to the
association of hypercholesterolemia and coronary heart
disease with ApoE e4 [55-57]. Males with e 4 who
have an increased risk of A D may be underrepresented
among the relatives because they are more likely than
females to succumb to heart disease before reaching
an age when A D would occur. However, this is probably not an explanation for our findings. Data from middle-age (mean = 48.7 ? 10.2 years, range = 21-77
years) and elderly (mean = 76.4 ? 5.9 years, range
= 67-95 years) cohorts in the Framingham Study revealed only a slight reduction of the e4 allele frequency
with age [31, 423. Other studies showing a significant
age-related decrease in ~4 did not indicate gender differences 141, 58, 591.
Rather, our results suggest the presence of a sexmodification effect of the ApoE 4 isoform on disease
susceptibility. Among women, a single copy of the ~4
allele appears to be sufficient to elevate disease risk
from baseline (i.e., risk of disease among persons having the ApoE 3 / 3 genotype), whereas among men, a
double dose of € 4 is necessary to attain the same increase in risk. This hypothesis is supported by our
findings from segregation analysis which suggest that
after adjusting for gender differences in longevity,
women are innately more susceptible than men to AD
[60]. Factors that may be specific to women, or act
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differently in women than men, and modify the deleterious effects of ApoE 4 include hormones such as estrogen [61], antiinflammatory drugs [ 6 2 ) , and cholesterol [36f. Studies of the interaction of these factors
with ApoE may provide important clues for preventing
onset of the disorder.
Our findings have important clinical implications. An
individual may have an affected parent or sibling who
is diagnosed with A D and wishes to know his or her
risk based on the ApoE genotype of the affected family
member. On the basis of data reported by Corder and
associates [43], the sensitivity for diagnosing A D from
the detection of two ~4 alleles is 6957 and the specificity is 72%’ [lS]. Our results suggest that the predictive
value of ApoE genotype could be improved by incorporating information on the consultant’s sex and residual genetic factors. Until tests for other genetic factors
for A D are developed (amyloid precursor protein
[APP} mutations and defects in chromosomes 1- and
14-linked genes are apparently rare causes of AD), one
could incorporate a quantitative assessment of the person’s family history [63] into the diagnostic test.
~~
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