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Summary

We have evaluated several transmission models for Alz-
heimer disease (AD), using the logistic regressive approach
in 401 nuclear families of consecutively ascertained and
rigorously diagnosed probands. Models postulating no
major gene effect, random environmental transmission,
recessive inheritance, and sporadic occurrence were re-
jected under varied assumptions regarding the associa-
tions among sex, age, and major gene susceptibility.
Transmission of the disorder was not fully explained by a
single Mendelian model for all families. Stratification of
families as early- and late-onset by using the median of
family mean onset ages showed that, regardless of the
model studied, two groups of families fit better than a sin-
gle group. AD in early-onset families is transmitted as an
autosomal dominant trait with full penetrance in both
sexes and has a gene frequency of 1.5%. Dominant inheri-
tance also gave the best fit of the data in late-onset fami-
lies, but this hypothesis was rejected, suggesting the pres-
ence of heterogeneity within this subset. Our study also
revealed that genetically nonsusceptible males and fe-
males develop AD, indicating the presence of phenocopies
within early-onset and late-onset groups. Moreover, our
results suggest that the higher risk to females is not solely
due to their increased longevity.

Introduction

Alzheimer disease (AD) isa common dementing illness that
affects >10% of the population > 65 years of age (Evans et
al. 1989). Although head trauma, hypothyroidism, depres-
sion, parental age, and nonsmoking have been identified as
possible risk factors (Breteler et al. 1992), biological mech-
anisms underlying these associations are largely unknown.
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Several epidemiological surveys (reviewed by Breteler et al.
1992) and genetic studies (reviewed by St George-Hyslop
et al. 1989) have suggested familial aggregation and
multiple etiologies for AD. Recent studies demonstrate the
existence of susceptibility genes for familial AD (FAD) on
chromosome 14 (Mullan et al. 1992; St George-Hyslop et
al. 1992; Schellenberg et al. 1992; Van Broeckhoven et al.
1992). chromosome 19 (Pericak-Vance et al. 1991; Bor-
gaonkar et al. 1993; Corder et al. 1993; Strittmatter et al.
1993), and chromosome 21 (Goate et al. 1991). If AD oc-
curs in response to environmental factors only, then the
incidence of AD is expected to vary geographically and
demographically more widely than is observed in most
studies (Rocca et al. 1991). Evidently, a strong positive
family history and advanced age are the most consistently
observed significant risk factors for AD.

Previous segregation analyses using the mixed model ap-
proach of Morton and MacLean (1974) indicated that AD
in clinic-based (Farrer et al. 1991b) and population-based
(van Duijn et al. 1993) patient series is transmitted as an
autosomal dominant characteristic with reduced pene-
trance and a multifactorial component. However, the best
fitting model in the Farrer et al. (1991b) study indicated
that parents heterozygous for the disease allele transmit
the disease more frequently than was expected under a
Mendelian model. Van Duijn et al. (1993) were unable to
resolve whether a cohort effect for heritability accounts
for the evidence for a nonmajor gene component. More-
over, neither of these studies quantified susceptibility, con-
sidered random environmental models, or allowed for het-
erogeneity of disease transmission.

An earlier study on age at onset and lifetime risk for
FAD suggested that the early-onset form is compatible
with autosomal dominant inheritance, whereas there 1s a
possibility of both genetic and shared environmental fac-
tors in the late-onset form (Farrer et al. 1990). Molecular
genetic studies have revealed heterogeneity between early-
and late-onset FAD (St George-Hyslop et al. 1990) and
even among families with early-onset disease, by virtue of
the fact that the trait is linked to chromosome 14 in some
families (Mullan et al. 1992; St George-Hyslop et al. 1992;
Schellenberg et al. 1992; Van Broeckhoven etal. 1992) and
to chromosome 21 in others (Goate et al. 1991).
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[n order to quantify susceptibility and allow for hetero-
geneity of disease transmission, we have evaluated several
transmission models for the disease, under various as-
sumptions regarding the association of sex, age, and major
gene susceptibility, by using the logistic regressive ap-
proach of Bonney (1984, 1986). The present study is based
on >400 families, including the families studied by Farrer
et al. (1991). The enlarged sample enabled more precise
estimation of the gene frequency and phenocopy rates, ex-
ploration of models allowing for the interaction of disease
liability, age at onset, and gender eftects, and stratification
of the data set to test for heterogeneity.

Subjects, Material, and Methods

Subjects

Diagnostic information and family history on 231 con-
secutively ascertained subjects who sought diagnostic eval-
uation of a memory disorder were collected between April
1986 and August 1990 at the Massachusetts Alzheimer
Disease Research Center ( MADRC). Although this is not a
population-based sample, we believe that the clinical char-
acteristics of patients with AD seen in the MADRC are
identical to diagnosed cases throughout the U.S. For the
purpose of this study, the important subject criteria are
diagnostic accuracy and longitudinal follow-up. These are
the strengths of our sample. Details of these cases and the
methods of data collection were reported earlier (Farrer et

al. 1991b).
Standard NINCDS/ADRDA (McKhann et al. 1984),
NIA (Khachaturian 1985), and Multi-Institutional Re-

search 1n Alzheimer Genetic Epidemiology (MIRAGE)

(Farrer et al. 1994) research criteria were used for the diag-
nosis of AD. This devised AD rating scale incorporates the
existing research criteria as well as a rating of the reliability
of information and pertinent information regarding com-
orbidity. A study of reliability of diagnosis among MI-
RAGE sites also indicated that this scale 1s more appropri-
ate for family studies and multicenter investigations (Far-
rer et al. 1994). Accordingly, all probands had extensive
laboratory and neuropsychological examinations at the
MADRC. Families were excluded if the proband had a his-
tory of head trauma, stroke, depressive illness, thyroid dis-
order, B12 or folate deficiency, or toxin exposure preced-
Ing onset of dementia, or a single cognitive deficit or lack
of progression. Diagnoses in relatives were established by
assessment of information obtained from interview of
multiple informants, medical records including autopsy re-
ports if available, death certihicates, and nursing home re-
cords (Farrer et al. 19915b).

Upon follow-up of the 231 cases in our earlier study
(Farrer et al. 1991b), the clinical diagnosis in 29 individuals
changed from probable AD to possible AD or dementia
other than AD, and hence these subjects were excluded,
leaving 202 patients with probable AD. Information on
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175 new cases of probable AD was collected in a similar
manner by the MADRC between September 1990 and
February 1993. An additional 24 families ascertained dur-
ing the period of the original study in which the diagnosis
in the proband was changed from possible AD to probable
AD were also included, yielding a total sample of 401 fam-
ilies. AD was neuropathologically confirmed in 29 (90.6%)
of the 32 cases that went to autopsy. Families of the three
cases who did not meet autopsy criteria for AD were ex-
cluded from the analyses.

_Statistical Methods

Segregation analysis was performed using the regressive
logistic model for family data (Bonney 1984, 1986). AD
was considered as a dichotomous trait with age-dependent
penetrance. The major gene component was modeled as a
diallelic locus. In this model, consider a variable Y for an
individual that has a value of 1 if affected and 0 otherwise.
Then, the odds of having the disease for the person can
be defined as Pr(Y = 1)/Pr(Y = 0). The logit (9) (i.e., the
logarithm of odds of having the disease) may be expressed
as a function of disease phenotypes of the individual’s
spouse (Zg), the father (Z;) and the mother (Zy) as follows:
0 =B + 0sZs + 0sZr + OMmZwm, With Z’s taking on the
values O or 1 for the individual if unaffected or aftected,
respectively. The coefhcients g, Or, and Oy are the regres-
sive familial components, and 3 is the risk of developing
AD. The observed risk of an individual 1s modified depend-
ing on the affection status of parents and the spouse. Al-
though we could have estimated 9g, 0f, and 0y indepen-
dently for aftected and unaftected spouses, fathers, and
mothers respectively, an adequate number of informative
pairs of each type (spouse pairs, father-oftspring, mother-
oftspring) was not available to estimate one or all the re-
gressive familial coethcients. Hence, all regressive familial
coeflicients (O, Or, and Oy) in these analyses were fixed to
zero and all genetic variation including sibling correlations
was attributed to the major locus component. Spouses and
oftspring of probands were ignored in this study because
the oftspring are too young to express the disease, and
hence these individuals provide little information on trans-
mission of AD. Potential loss of information from spouses
on the estimation of gene frequency and penetrance pa-
rameters was compensated by the incorporation of cumu-
lative incidence data from the general population (see be-
low). Random mating and Hardy-Weinberg equilibrium
for population frequencies of genotypes were also as-
sumed.

All tamilies were ascertained through a single proband,
and analyses were corrected for this ascertainment bias
following the approach proposed by Elston and Sobel
(1979). Furthermore, it was necessary to impose indepen-
dent and unbiased estimates of cumulative incidence be-
cause the risk of AD in first-degree relatives in a clinic
based sample 1s not comparable to the risk among persons
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in the general population (Breitner et al. 1988; Farrer et al.
1989; van Duin et al. 1993). The cumulative incidence of
AD in the general population—estimated to be .09 for
males and .145 for females, respectively, by age 80 years—
was derived from population incidence data (Schoenberg
etal. 1987; Kokmen etal. 1988). Cumulative incidence was
extrapolated linearly to .11 for men and .20 for women at
age 102 years, which was the oldest age observed in the
data set.

Age at onset was assumed to follow a logistic distribu-
tion with age coethcient a and baseline parameter 3. Ages
at onset among AD cases and censoring ages (1.e., current
age or age at death) of all subjects (including attected indi-
viduals) were incorporated in the estimation of a. Suscep-
tibility was dehined as the cumulative probability of being
aftected if one lives to the maximum age of 102 years. Two
different models are biologically plausible, depending on
the influence of genotypes on the individuals. The first
model (model I) assumes B, the initial risk of an individual
at birth, to be genotype specihic with common susceptibil-
Ity parameter Y, 1.e., the genotype primarily influences the
age at onset. The second model (model II) assumes com-
mon (to all genotypes) initial risk B with genotype depen-
dent susceptibility v, 1.e., the genotype determines the risk
of the disease. However, both models allow for sex depen-
dence on a, 3, and/or y. Because consistently better like-
lihoods and meaningful parameter estimates were ob-
tained using model Il for equivalent models, results pre-
sented 1n this report were derived under the assumptions
of model Il only.

Segregation analysis was carried out by htting several
hypotheses—including dominant, recessive, additive, arbi-
trary major gene, sporadic, environmental, and general
(unrestricted) models—to the data using the computer
program REGTL of the SAGE package (Bailey-Wilson and
Elston 1987). In these analyses, sex-dependent genotype
susceptibilities were calculated (model I1); cumulative inci-
dence values for males and females were hxed at the above
values; and no sex effect on B or a was assumed. In addi-
tion, because sex differences in the expression of AD may
be mediated through age instead of through underlying
susceptibility, models imposing sex dependence on a and
B separately as well as jointly were derived. The hybrid
maximization technique (Atwood et al. 1992) consisting
of a few iterations of direct search followed by estimation
by the variable metric method was employed to derive pa-
rameter estimates. Hypotheses were tested against a more
general model using a likelihood ratio test in a hierarchical
manner. The test statistic follows a ¥~ distribution with df
equal to the difference in number of independent parame-
ters of the two models under comparison. Likelihoods
were also compared using Akaike’s (1974) information cri-
teria (AIC).

To test for differences in transmission between early-
onset and late-onset AD, we stratified the families in three
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Table |

Mean Age at Onset among 401 Probands, by Sex and Onset Age
Group

MALES FEMALES TOTAL
ONSET AGE
GROUP No. meanxtsd No. meanz*sd No. mean * sd
Early-onset ... 68 63.0x64 130 624+6.8 198 62.6+6.7
Late-onset ... .73 74.9%49 129* 74.1x5.4 202 744-E£S5.2
Tobal st 141 69.1+£82 259 68.2+8.5 400 68.5+8.4

* Onset age in one woman was unknown, but the family was assigned
to the late-onset group since the proband was 83 years old at the time of
examination.

ways: (1) by age at onset of the probands using age 65 years
as the cut-oft; (2) by the mean age at onset among the pro-
bands; and (3) by the median of the mean onset ages of
each family. Since there 1s no universally accepted cut-oft
age to distinguish early-onset from late-onset AD, we
chose the median of the tamily mean onset ages because
this stratihcation yielded a better balance of sample sizes
within each group and has been shown to differentiate
early-onset FAD from late-onset FAD (Farrer et al. 1990).
Although, tor each of these stratihcation methods, segre-
gation analyses were carried out for the early-onset and
late-onset groups separately, consistently better likeli-
hoods were obtained using median as the stratiher as com-
pared to procedures (1) or (2). Consequently, we report
here the results obtained by using median of family means
alone as the stratifier. For a given model, whether two
eroups of families fit better than a single group was com-
pared by using the log likelihood value —2InL = — 2 In
Liows — (—2 In Leany—2 In Ly, ) which is assumed to follow
a x* distribution asymptotically with df = df.ny + dfiae
— dfo - In performing the tests of heterogeneity, one ad-
ditional df was added to adjust for the estimation of the
age at onset used to stratify the families.

Results

The 401 probands (260 women and 141 men) had 2,112
first-degree relatives, of whom 188 (8.9%) were affected,
and the mean age at onset among probands was 68.5 * 8.4
years (range 46-87 years). Additional onset age character-
istics of the probands are given in table 1. Table 2 shows
that there is an approximate threefold increase in the per-
centage of mothers affected with AD, as compared with
fathers in the total sample. Affection status was unknown
for 2% of the relatives. AD was observed 50% more fre-
quently in mothers, fathers, and sisters of late-onset pro-
bands than in the group of relatives of early-onset pro-
bands.

The results of segregation analysis performed on 401
families are presented in table 3. The arbitrary major gene
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Table 2
Distribution of First-Degree Relatives of Probands, by Affection
Status
Fathers Mothers Brothers Sisters Tortal
Overall:
Aftected .......ccic0 35 89 26 38 188
Unaffected .......... 343 304 633 598 1,878
Unknown ........... 23 8 8 7 46
% Affected ...... 8.7 222 3.9 59 8.9
Early onset:
Affected .............. 13 34 11 14 72
Unaffected .......... 172 161 286 280 899
Unknown ........... 13 3 2 4 22
% Affected ...... 6.6 17.2 3.7 4.7 72
[ate onset:
Aftected ...ovnss 22 55 15 24 116
Unaffected .......... 171 143 347 318 979
Unknown ........... 10 5 6 3 24
% Affected ...... 10.8 271 4.1 7.0 10.4

model with Mendelian transmission was rejected 3
= 10.4; P = .02) as compared to the general model. Fur-
thermore, we found that T,p 1s significantly difterent from

expected value of .5 (Tag = .17; x1 = 10.5; and P < .005)

Table 3

Segregation Analysis of Alzheimer Disease in 401 Families

Am. |. Hum. Genet. 55:991-1000, 1994

indicating that a simple major gene model does not fit the
data. All Mendelian hypotheses—dominant (x5 = 11.9; P
= .04), recessive (5 = 29.9; P < .005), additive (x5 = 29.4;
P < .005) and non-Mendelian hypotheses—no major gene
(xg = 132.2, P < .005), sporadic (x3 = 121.2; P < .005) and
environmental (¥3 = 132.2; P < .005)—were rejected in
favor of the general model. Notably, transmission from
the heterozygote in the general model 1s < than 50%.
These results indicate a more complex transmission mech-
anism (mixed or polygenic model) for AD or a possible
presence of heterogeneity in the sample. Further, the esti-
mated susceptibilities for male and female noncarriers (ygg)
to develop AD are greater than zero across differing
models, suggesting the existence of phenocopies or new
mutations in some families.

Stratification by Age at Onset

Separation of families into early and late onset by the
median of the family means for age at onset (71 years) gave
a better fit (P < .005) for every model tested. Models for
early- and late-onset families are presented in tables 4 and
S, respectively. In early-onset families, the arbitrary major
gene model was not significantly different from the general
model (x5 = 2.7; P = .47) or the 143 relaxed model (xi
= 2.0; P = .22) suggesting that a single major gene model

Q 3
MODELS* da Tan® TaB" Tas" B a H o* YAA YAB YBB YAA YAB Yig =2iwls iing P
Non-Mendelian:
1 General. .o it s it 1010 1.04 .1786 .0003 —14.08 .1698 8293 114.10 1.0¢ 1.0¢ .0198 1.0¢ .5731 .0 1,936.4 10
2. General (T44 and 1 fixed) ... .1023  [1.0] .1665 [.0] —13.98 .1683 83.05 116.08 1.0° 102 1 L0174 0% VW 5664 50 129364\ 811 Sl
3. NO Major gene ......ccoeueen.... f . eabide.. =1AL78.. 1888 827 9230002008 . o 1L L b o AR r e e mnminn 2106876 ) | 12 DS
4 Sherdicy )0 S 0894  .1952° .1952¢ .1952° —15.10 .1905 79.28 90.64 .5782 .4549 .1495 6575 .6217 .0059 2,057.6 8 <.00S
5. Environmental ....oceevvvennn... 0790  .0790° .0790° .0790 —14.78 .1888 78.27 92.32 9056 .7000 .1117 .9000 .7175 .0014 2,068.6 7 <.00S
Mendehan:
6. Arbitrary major gene ............ 0790 [1.0] [.5] 0] —14.45 .1732 83.42 109.69 1.0¢ 1.0¢ 0663 1.0 6733 0120 1,9469 7 02
7. DOMINANT oo, 0733 [1.0) [.5] [0] —14.50 .1742 83.25 108.40 1.0¢ 1.0 0774 .7350 .7350 .0121 19483 5§ .04
8. RECESSIVE wvoveerereeerersrerenns 3517 [1.0) [5] [0] -—15.09 .1842 81.90 96.95 1.0 0927 .0927 9112 .0 0 1 966.3 5 <.005
D RddisvEn L st Sty 1135 [1.0] [5] [0] -—-14.66 .1806 81.13 100.82 1.0 5514 .1028 9917 .4958 .0 19658 S5 <.005
Sex dependent:
10. a:
= | N 0839 [1.0] [S] (0] -14.50] 1727 8386 110061, 00 00 0571 100 6202 0133 1,9463 8 .48
(8) |.1757 82.50 106.53
11. B:
: , : : :
i, RN, NP S ORID. QLG (B8l B o agae) 8967 10921y pa. gt oEOT 100 . 6ATS L0128 19466 ) B, T
(8) [ =¥4:39, 18291 109.21
12. a and B:
(9) (—13.46 .1593 84.49 129.61] ., .4 g !
(6): ....................................... 0886 - [1.0] [.5] [.0] 4."'17-34 s14l8 %i ns 71.85:1.0 1.0 0518 1.0 5730 .0131 19426 9 .14

* Models 3-9 compared against model 1; models 10-12 compared against model 6.

® Data in brackets ([ ]) = parameter fixed.

‘ n. = no. of independently estimated parameters = (no. of estimated — no. of dependent) parameters.

4 Fixed at the boundary by the maximization function.
“Taa = Tap = Tgp.
o B

Taa = Tas = T = Qa.



Table 4

Segregation Analysis of Alzheimer Disease in Early Onset Families

Q 3
MODELS" Ja Taa” Tas®  Top B a M o’ Yaa YaB Yss YAa YaB Yoi « —2Inl ns P
Non-Mendelian:
lLGenerall Ll ot BEM LI O 0626 1.0° .1128 .0296 —1504 2042 73.67 7889 1.0° 1.0¢ .0902 1.0° ‘898270001 | 7535 A0 2
2. General (144 and 755 fixed) .... .0487 [1.0] .1150 [.0] —15.05 .2057 73.15 77.73 1.0¢ 1.0¢ .1166 1.0¢  .7662 .0408 7542 8 .22
3. No/majorgene. i auiseiisassssss ... —15.64 .2167 7218 7008 .2003 ... g | cABOZ.  na wos 0 e | 2. 02
A P e o il 0153 .0300° .0300° .0300° —15.63 .2159 72.43 70.61 .8000 .6200 .1872 .8900 .5982 .0949 7723 8 <.005
5. Environmental ........c.o.......... 0395°  .0395% .0395" .0395' —15.64 .2167 72.18 70.08 .8100 .6600 .1615 .9000 .6000 .0686 772.6 7 <.005
Mendelian:
6. Arbitrary major gene ............. 0153 1100  [5]  [0) -—1518 .2046 7418 78.60 1.0° . 10° A757 1.0° 1.0 .0826 7562 7 .47
7. IOMINGIIE ... oongecoansastasisionasiass 0153 [1.0) [.5] [.0] -15.18 .2046 74.18 78.60 1.0° 1.0 1757 1.0 10 0826 7562 S5 >.995
8. Dominant with Txg relaxed ... .0457 [1.0] .1192 [0] -15.04 .2056 73.19 77.86 1.04 1.0  .1221 .8283 .8283 .0399 7544 6 .27
O RECERIVE fnneisnds el 2880 [1.0] [.5] [0] -—15.18 .2046 74.19 78.61 .7899 .1474 .1474 7756 .0502 .0502 761.5 S .07
10. AddItive coeeveeeeeerereeeereeeeeenens 0524 [1.0] [.5] [0] -15.17 .2051 7396 78.20 1.0¢ 5782 .1564 1.0° 5306 .0611 759.6 § .25
Sex dependent:
11. a: |
i, ITEATR [ PR VR 0153 o)+ L) gy | Sasael e A0 i8a0 kg 0o gl v T 0t s vt (08267562 B 51995
(8) 12045 7422 78.69
12. B:
o 0154 [1.0]  [5]  [.0] {_15'“ +.2043{73'95 7880) 04 100 1754 10° 1.0° 0823 7561 8 .83
(3) ~15.23 74.56  78.80
13. a and B: |
g; e —— 0148 [1.0] [5]  [0] | :g:;’f ;fg‘; Ziﬁig 1;;3‘;}1.0“ 104 1778 1.0° 1.0° 0830 7498 9 .04

NOTE.—Notes b-f are as in table 3.
* Models 3-5 compared against model 1; models 2, 7, and 9-13 compared against model 6; model 8 compared against model 7.

Table 5

Segregation Analysis of Alzheimer Disease in Late-Onset Families

Q 3
MODELS" da Tan Tas”  Top B a H o YaA YAB YBs YAA Yas Yss —2InL nf P
Non-Mendelian:
LiGeneral it 1043 . .1.0¢ 1083 .0 —18.36 .2196 83.61 68.22 1.0 1.0 0072 1.0 5409 .0 1110:35 40, L
2. General (Tax and Tpg fixed) .. .1066 [1.0] .1096 [.0] —18.49 .2207 83.79 67.56 1.0¢ 1.0¢ .0021 1.0° .5280 .0 1,109.6 8 <.005
3. NO mMajor gene .........cecueeve. AL 9997538 8065 $793 2002 ral N BO7 T D00 Ak TR 2240 (09
4. SPOTAAIC oo iissestivisiisiiinin 0005 .1050° .1050° .1050° —19.64 .2408 81.58 56.74 1.0 7005 .2010 1.0 8361 .1101 1,213.6 8 <.005
S. Environmental ........cccoveneeee 0377 0377 .0377° 0377 —18.37 .2276 80.72 63.51 9899 .6001 .1692 .9001 .6429 .0680 1,224.7 7 <.005
Mendelian:
6. Arbitrary major gene ........... 0937 [1.0] S]  [0] =18.87 2742 8415 6543 1.0 1.0 0304 1.0° .5961 0024 1,1206 7 .02
TANB 0111107 11 | SRR e AR 0876 [1.0] 5] [.0] -—18.94 .2254 84.03 6478 1.00 1.0 0431 .6603 .6603 .0015 1,122.6 5 NAS®
8. ReCessiVe v .missiississaing: 3734 [1.0] 5] [.0] -—18.82 .2262 83.18 64.29 1.0¢ 0737 .0737 .8000 .0 0 1,138.7 S NAS
9 ABAIEIVE s 1205 [1.0° 5]  [0] -—18.47 .2238 82.52 65.66 1.0° 5466 .0933 9246 .4623 .0 1,143.6 5 NAS®
Sex dependent:
10. a |
(9) | 2245 8449 65.30| , d d
A SR ANELL T Sy i 0965 [1.0 5 0] —18.97 1.0 1.0 0248 1.0 5689 .0038 1,120.1 8 .49
(8) | S O s ol L 2275°'83.36  63:55
11.p: _ | ' |
() e ~19.01 84.42 64.88] 1.0 ] : ;
e o oy ! 1 _ 0] ;2252 | 1.0 0259 1.0 5746 0035 1,120:2 8 .59
(8) il LR | ==18.81 1 83.54 64.88
12.cand B , ‘
(®) —17.94 2115 8478 73510, 50 j0¢ 0224 1.0¢ .5516 .0039 1,118.7 9 .44
oo L T 0983  [1.0]; . [.5). - [@] 2186 2646 82.62 47.00] . . J

NoOTE—Notes b-f are as in table 3.
* Models 3-6 compared against model 1; models 2 and 10-12 compared against model 6.
8 NA = not applicable. Since model 6 is significantly different from model 1, comparisons of models 7, 8, and 9 with model 6 are not applicable.




996

adequately fits the data. Further evidence for a single major
gene in this group was provided by the rejection of no ma-
jor gene (x% =19.1; P = .02), sporadic (x% = 18.8; P < .005)
and environmental (¥3 = 19.1; P < .005) models. Although
dominant (x3 = .0; P > .995), recessive (xz = 5.3; P = .07),
and additive (x3 = 3.4; P = .25) models could not be re-
jected in comparison with the arbitrary major gene model
in early onset families, the dominant model has the lowest
AIC value (766.2). In late-onset families, the arbitrary ma-
jor gene model with Mendelian transmission was rejected
as compared with the general model (x3 = 10.3; P = .02)
and the T, relaxed model (tag = .11; x; = 11.0; and P
< .00S5). Further, Mendelian hypotheses—dominant (x5
= 11.9, P = .04), recessive (x5 = 29.9; P < .005), and addi-
tive (3 = 29.4; P < .005)—and non-Mendelian hypothe-
ses—no major gene (s = 114.1; P < .005), sporadic (%3
=103.3; P < .005) and environmental (5 = 114.4; P
< .005)—were also rejected among the tested models.
These results indicate that there are differences in trans-
mission mechanisms across different onset groups and also
suggest possible heterogeneity within late-onset families.

Sex-dependent Age at Onset Parameters

In order to ascertain whether the effect of an individu-
al’s sex on expression of AD is mediated through the ge-
notype only, models allowing for sex differences in the age
at onset distribution (a) and /or baseline risk common to
all genotypes () were also evaluated. Analyses were car-
ried out under conditions 1dentical to the ones used with-
out sex dependence on @ or . In the total group of tami-
lies, none of the models that iterated a or 3 were signih-
cantly better than the corresponding models that assumed
no sex effect on a or B (table 3). The conclusions were
unchanged when analogous comparisons were made in
early- (table 4) and late-onset (table 5) families, with the
exception of a and B iterated simultaneously in the early-
onset families, which showed slight improvement. These
findings suggest that the association between sex and ge-
notype (through sex-specific susceptibilities, ys) accounts
for most of the sex-related variation in expression of AD.

Discussion

This study of AD among 401 consecutively ascertained
and rigorously diagnosed cases in a clinic-based popula-
tion confirms our previous findings (Farrer et al. 19915;
van Duin et al. 1993) that transmission of the disorder
cannot be explained fully by a single Mendelian transmis-
sion model. However, our findings extend and in some
ways differ from the earlier studies. Like Farrer et al.
(19910) and van Duijn et al. (1993), we rejected models
postulating no major gene effect, recessive inheritance, and
sporadic occurrence. A random environmental transmis-
sion model was also tested, and it too was rejected. All
Mendelian models were rejected, although the parameters
of the general model resemble the dominant model.
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Our findings appear to be robust, because similar results
were obtained from analyses of data sets collected over
different time periods in identical fashion (results not
shown). However, the conclusions are predicated on the
assumption that the major gene influences one’s suscepti-
bility to the disease but not age at onset. Our findings are
also dependent on the accuracy of the cumulative-inci-
dence estimates derived from epidemiological studies. For
example, estimations of cumulative incidence from our
pedigree data (results not shown) rendered similar conclu-
sions regarding preference of models; however, several pa-
rameter estimates—most notably gene frequency—were
unrealistic because the disease was determined to be more
than twice as frequent in males and females in these fami-
lies than in the general population (Schoenberg et al. 1987;
Kokmen et al. 1988). Conversely, the assumption that the
disease is rarer in the population than in first-degree rela-
tives of AD probands led to better discrimination of the
dominant model over the recessive model (Farrer et al.
1991b; present study).

Age-at-Onset Heterogeneity

Although dominant inheritance may explain the trans-
mission of AD among the tested Mendelian models (table
3), the general model, which has a definite non-Mendelian
character, is significantly better. One explanation for this
observation is that there exists a mixture of families with
different modes of transmission. In an attempt to resolve
this question, we stratified the families by age at onset, a
parameter that has been postulated to discriminate AD
cases etiologically (Breitner et al. 1988; Farrer et al. 1990;
St George-Hyslop et al. 1990). Because there is no univer-
sally accepted cut-off between early- and late-onset dis-
ease, we applied several approaches to stratify the tamilies.
Segregation analysis performed separately for families clas-
sified according to the mean onset age of affected members
in the family also showed that the disease is transmitted
differently in early- and late-onset AD. Regardless of the
genetic or nongenetic models studied, two groups of fam-
lies always fit better than a single group.

The major gene for early-onset AD appears to be fully
penetrant in both sexes by age 102 years and has a fre-
quency of 1.5%. The dominant model also suggests that in
these families genetically nonsusceptible males and fe-
males develop the disease at rates of ~8.3% and ~17.6%,
respectively. Such persons may be phenocopies, which can
be due to multifactorial inheritance, new mutations, inher-
itance of a second major gene, or environmental insult. It
1s noteworthy that the additive model in this group could
not be rejected, suggesting a possible alternate mechanism
for AD. In contrast, although dominant inheritance was
the best explanation for transmission of AD in late-onset
families, all models were rejected in comparison to the
general model suggesting the possibility of heterogeneity
in this group. These findings are consistent with the con-
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clusions from a study of age at onset and risk of AD in
families ascertained for genetic linkage studies (Farrer et
al. 1990). These investigators observed that risk to first-
degree relatives of early-onset cases was ~50% (consistent
with dominant inheritance), whereas risk to relatives of
late-onset probands exceeded 85% (consistent with het-
erogeneity).

Our results may prove unsatisfactory if AD in a substan-
tial proportion of cases follows a more complex genetic
mechanism, such as oligogenic inheritance.This explana-
tion 1s compatible with the observation of reduced trans-
mission from the heterozygote in a single-gene model. A
multifactorial inheritance model for AD has been pro-
posed (McGufhn et al. 1991), but our nuclear family data
proved insufhcient to estimate the regressive familial co-
efhcients from which a multifactorial or a polygenic model
can be deduced (Demenais et al. 1992). Consequently, all
regressive familial components (0g, O, and d,,) were fixed
to zero and complex genetic models (e.g., polygenic, mul-
tifactorial, and mixed models) could not be tested in a
meaningful way. Further, despite the availability of meth-
odology for studying two-locus qualitative traits (Elandt-
Johnson 1970), differentiation between these models and
single gene models will be difhcult until the theory is ex-
tended to late-onset disorders and implemented in com-
puter programs.

Do Women Really Have an Increased Risk?

The literature regarding sex differences in risk for AD is
controversial. Some studies suggest that AD is more prev-
alent iIn women because more women survive to an age
when one is likely to become affected (Kay et al. 1964;
Treves et al. 1986; Schoenberg et al. 1987; Farrer et al.
1989). This argument implies that if men and women had
an equal life expectancy, then there would be no sex
difference in risk. It is also possible, however, that men and
women respond differently to the same risk factor (Nee et
al. 1987; Breitner et al. 1988; van Duijn et al. 1993). In this
case, risk 1s expected to be higher in women at all ages.
Our analysis afforded an opportunity to explore this ques-
tion more precisely than previous studies because we si-
multaneously estimated sex-specific parameters for age at
onset (a0 and ) and underlying susceptibility (y). Our re-
sults demonstrate that the sex effect 1s significant when
varying the ys, but not a and B, in the total group as well
as in early- and late-onset groups separately. These findings
favor the hypothesis that women are innately more suscep-
tible to AD than are men. One explanation may be that
men and women differ in exposure to environmental risk
factors such as smoking and head trauma.

Limitations of Segregation Analysis for Resolving the
Genetics of AD

Uncertainty in diagnosis continues to pose significant
problems in genetic studies of AD. Even with rigorous

997

diagnostic procedures, the maximum accuracy of diagno-
sis based on autopsy confirmation is ~90% (Joachim et
al. 1988; present study). In an attempt to improve diag-
nostic certainty, we have developed and tested in a
multicenter study a new diagnostic rating scale for AD
that incorporates existing research diagnostic criteria
(Farrer et al. 1994). Using this approach, patients with
variant phenotypes such as AD with parkinsonism or AD
with vascular dementia may be distinguished. Future ge-
netic studies might exploit the opportunity afforded by
the regressive model approach, to consider the disease
as a polychotomous trait. Of the few studies which have
examined reliability of diagnosis in relatives (Heston et
al. 1981; Pericak-Vance et al. 1988), secondary cases of
dementia detected by interview of multiple informants
and review of supporting documentation proven by au-
topsy are nearly always AD.

Diagnostic accuracy is substantially worse in unexam-
ined relatives beyond the immediate family (Farrer et al.
1991b). Therefore, we limited our analysis to nuclear fam-
lly data. Consequently, familial components (8s), which ac-
count for resemblance not due to the major gene, could
not be estimated in our analysis, due to lack of informa-
tion about transmission from spouses of probands; this in-
formation would become available only after follow-up of
their children when they surpass the critical age period for
that family for developing AD.

Even with our large data set, Mendelian models could
not be estimated very easily or discriminated from each
other 1n some cases, because the likelihood surface was
relatively flat. One explanation is that a much larger data
set 1s required. To overcome this difliculty and study more
complex models of disease transmission, we are currently
assembling a data set of appropriate magnitude in our MI-
RAGE study (Farrer et al. 1994). Alternatively, the censor-
ing bias associated with this disorder and /or heterogeneity
in the mode of transmission may mask certain genetic pat-
terns, regardless of the size of the sample. This study made
an earnest attempt to address both of these i1ssues and sug-
gests that future analyses would benefit by an advanced
methodology allowing more eftective testing of oligogenic
and heterogeneity models.

Correspondence between Segregation Analysis and
Specific Risk Factors

Evidence for dominant transmission of AD in early-on-
set families is consistent with the demonstration of linkage
of a susceptibility locus for FAD to chromosome 14 in
early-onset families (Mullan et al. 1992; St George-Hyslop
et al. 1992; Schellenberg et al. 1992; Van Broeckhoven et
al. 1992). Although the dominant model is a better fit sta-
tistically and is supported by molecular genetic studies on
chromosomes 14 and 21, the additive model seems to be
more consistent with the observation that the €-4 allele of
apolipoprotein E (ApoE) has a significant dose-dependent
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relationship with susceptibility and age at onset of late-
onset AD (Corder et al. 1993). While this factor as docu-
mented in late-onset families (Corder et al. 1993; Noguchi
et al. 1993; Payami et al. 1993; Poirier et al. 1993; Saunders
et al. 1993; Strittmatter et al. 1993) is not fully predictive,
it is possible that the €-4 allele of ApoE may act as an ad-
ditive or codominant major gene in some early-onset AD
families without mutations in either chromosome 14 or 21
(Borgaonkar et al. 1993). A screen of ApoE in a large co-
hort of early-onset subjects suggested that the association
between €-4 and AD is much stronger among affected in-
dividuals having a positive family history (van Duijn et al.
1994), however additional studies using methods for dis-
tinguishing likely genetic cases (Farrer and Cupples 1994)
are needed to assess this hypothesis.

Because our analyses strongly indicate the existence of
multiple etiologies for AD, one may speculate that hetero-
geneity between early-onset and late-onset AD corre-
sponds to subgroups of patients having defects in the chro-
mosome 14 AD gene or the amyloid precursor protein
(APP) gene on chromosome 21 (early onset) and ApoE
(early onset and late onset). However, until the chromo-
some 14 gene is identified, it is not possible to determine
whether most families have a defect in this gene, because
they lack sufficient power for linkage analysis. Screening
for APP mutations would not be efhcacious either, be-
cause these are extremely rare (Tanzi et al. 1992). In con-
trast to autosomal dominant inheritance of AD cases
linked to chromosomes 14 and 21, having the €-4 allele 1s
apparently not deterministic, but rather it is a risk factor
for manifestation of AD. Thus, it is not feasible to distin-
euish with certainty most AD cases linked to ApoE. An
alternative approach would be to evaluate the segregation
of ApoE alleles in AD families, but this requires data on
relatives of the proband. Unfortunately, in a clinic-based
or population-based sample, parents and aftected siblings,
who provide most genetic information, are often deceased
when the proband is ascertained. However, it is still possi-
ble to investigate the influence of ApoE on transmission of
AD by stratifying families according to the ApoE genotype
of the proband. We are evaluating the ApoE genotypes in
patients currently followed in MADRC. Of the 401 cases
in this study, we have typed 57 probands. The proportion
of affected first-degree relatives in early-onset families did
not differ among probands with and without at least one
e-4 allele. A comparable proportion was observed among
late-onset probands with €-4. However, late-onset pro-
bands without €-4 had very few affected relatives. These
hndings are consistent with our conclusion from segrega-
tion analysis of etiological heterogeneity among late-onset
AD. A much larger set of families will be needed to have
suthcient power for testing this hypothesis more formally
by segregation analysis.

One major strength of our analysis was the ability in all
circumstances to rule out the environment alone as re-
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sponsible for transmission of AD in these families. How-
ever, it is still plausible that certain nongenetic risk factors
may cause AD in some persons or exacerbate the risk for
disease in a individual who is genetically susceptible. In-
vestigation of more complex models that include covari-
ates such as paternal age (Farrer et al. 1991a), smoking (be-
lieved to confer a protective effect) (van Duijn et al. 1991),
and head trauma (Mayeux et al. 1993) needs to be further
pursued, which may help delineate important gene-envi-
ronment interactive mechanisms.
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