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Purpose: The REVEAL study is a randomized, controlled study of the psychological and behavioral impact of APOE

disclosure in a risk assessment protocol provided to first degree relatives of patients with Alzheimer’s disease. The

protocol presents risk information as cumulative incidence curves. This article describes how these curves were

estimated. Methods: Curves were calculated using Bayes’ rule to compute the posterior survival curves incorpo-

rating APOE information. Results: A combination of survival data from the MIRAGE study and gender- and

age-specific APOE odds ratios were used to create risk curves for males and females within each of the 6 APOE

genotypes. Conclusion: Utilizing comparative genotype relative risk information and survival data from family

studies, estimates of gender-, age-, and genotype-specific risk can be generated for use in a risk assessment

research study that features genotype disclosure. Genet Med 2004:6(4):192–196.
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Alzheimer’s disease (AD) is the leading cause of cognitive
impairment among older persons,1 and in the U.S., the preva-
lence of AD will continue to increase with the aging popula-
tion.2 Although the etiology of AD is not fully understood,
there is clear evidence that genetic factors are important deter-
minants of AD.3,4 The gene for apolipoprotein E (APOE) has
been identified as a common susceptibility polymorphism5

with allele �4 conferring 5 to 15 times greater risk, depending
upon whether an individual has one or two copies.6 The �4
allele is common in the U.S. population with a frequency of
about 14%. Although individuals with one or two �4 alleles can
attain late age without developing AD, the burden of risk at-
tributable to APOE is substantial.7

Relatives of individuals affected with AD are increasingly
aware that they may be at increased risk for developing AD
themselves. Surveys and data from this study have demon-
strated that substantial portions of such relatives, often over
half of respondents, are interested inmore fully understanding
their risk.7–11 The Risk Evaluation and Education for Alzhei-
mer’s Disease (REVEAL) study was established to evaluate the
feasibility, safety, and behavioral responses of providing gen-

eral information on risk and specific risk assessment, including
APOE genotype disclosure, to adult children of patients with
AD (the “subjects” of our study).12 These subjects were re-
cruited either through systematic ascertainment from AD re-
search registries at Boston University, Case Western, and Cor-
nell or through self-referral at each site. After a general
information session and administration of baseline question-
naires, subjectswere randomly assigned to either the “Control”
group that would receive risk information based on age, gen-
der, and family history only or the “Intervention” group that
would receive the same risk information as the controls plus
risk information based on the subject’s APOE genotype. After
disclosure of the risk information by a genetic counselor, the
Control and Intervention groups were followed for one year
through telephone and in-person structured interviews con-
ducted by genetic counselors. The two groups were compared
on a range of psychological responses and behavioral changes,
including evaluation within each group of changes from
baseline.
For the risk disclosure portion of the REVEAL study, risk

curves were created, incorporating gender, age, family history,
and for the Intervention group, APOE genotype. Two sets of
risk curves were developed: one set for those in the Interven-
tion group, and another set for those in the Control group. The
purpose of this article is to describe the methods used to con-
struct these curves.

MATERIALS AND METHODS

To create the risk curves for the REVEAL study participants,
we drew upon previously published estimates of gender- and
age-specific family risk, including the findings over the past 11
years from theMulti-Institutional Research inAlzheimer’sGe-
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netic Epidemiology (MIRAGE) study.4,6,13–15 Specifically, we
used two sources of information to develop these risk curves:
(1) gender- and age-specific incidence curves for first-degree
relatives of persons with AD (comparable to those previously
published in Green et al.,4 Cupples et al.,14 and Lautenschlager
et al.15). and (2) APOE genotype-specific odds ratio estimates
for each gender and age reported in a meta analysis of data
from over 50 studies worldwide.6 The odds ratio estimates used
in this manuscript are based on clinic studies of Caucasians.
We found these estimates to be homogeneous across these
types of studies of this ethnic group. In this section we describe
how we used these two sources of information to derive risk
curve estimates for REVEAL study subjects.

Control risk curves were based on information from a sam-
ple of 12,630 first-degree relatives (6,236 males, 6,394 females)
and 1853 spouses. These curves were nearly identical to those
reported by Lautenschlager et al.15 To incorporate APOE ge-
notype information for the Intervention group, we used Bayes
rule that states the posterior probability of an event can be
calculated from the prior probability.16–17 Specifically, if A and
B were two events or two traits, then the following:

Pr�A�B� �
Pr�A� Pr�B�A�

Pr�B�
,

where Pr (A|B) was the posterior probability of A given B (A
among those with trait B) and the prior probability was Pr(A).
An analogous equation can be written for the Pr(not A|B) � Pr
(A� |B) as follows:

Pr�A� �B� �
Pr�A� � Pr�B�A� �

Pr�B�

Using these two equations, we calculated the posterior odds,
the ratio of the probability of an event to the probability of its
complement. Hence, the posterior odds of A given B was as
follows:

Posterior Odds�A�B� �
Pr�A�B�

Pr�A� �B�
�

Pr�A� Pr�B�A�

Pr�A� � Pr�B�A� �

� Prior Odds�A�
Pr�B�A�

Pr�B�A� �

Note that the term on the far right is the relative risk of B
comparing those with A to those without A. This relative risk
can be estimated by an odds ratio. Hence, we had the following:

Posterior Odds�A�B� � Prior Odds�A� RR�B�,

where the RR(B) was understood to be the risk of B in those
with A compared to that of those without A.

In a logistic model, we can state the probability of an event E
as a function of known covariates, X1, X2, . . ., Xk, as follows:

p � Pr�E�X1,X2, . . . ,Xk� �
eb0�b1X1�b2X2�. . .�bkXk

1 � eb0�b1X1�b2X2�. . .�bkXk

or

Odds �
p

1 � p
� eb0�b1X1�b2X2�. . .�bkXk

Therefore,

p � Pr�E�X1,X2, . . . ,Xk� �
Odds

1 � Odds

Combining this information, we expressed the posterior prob-
ability as follows:

posterior p � Pr�E�X1,X2,K,Xk� �
Posterior Odds

1 � Posterior Odds

�
�Prior Odds� RR

1 � �Prior Odds� RR

Applying this derivation to REVEAL, we let A in the descrip-
tion above be the event that AD occurs by age a (AD � a) and
B be the APOE genotype. According to this derivation, we thus
had the following:

posterior p�AD � a�APOE�

�
Posterior Odds�AD�age a, APOE � g�

1 � Posterior Odds�AD�age a, APOE � g�

�
�Prior Odds�AD�age a�� RR�APOE � g�AD � a�

1 � �Prior Odds�AD�age a�� RR�APOE � g�AD � a�

Because we did not have reliable information on the
RR(APOE � g|AD � a), we proposed to estimate the relative
risk by gender- and age-specific odds ratio estimates and then
noted the following:

OR�E for A vs A� � � OR�A for E vs E� �

Hence, we estimated the RR as follows:

RR�APOE � g�AD � a vs AD � a)

�
Risk�APOE � g�AD � a�

Risk�APOE � g�AD � a�
�

OR�APOE � g�AD � a vs AD � a)

�
Odds�APOE � g vs APOE � 33�AD � a�

Odds�APOE � g vs APOE � 33�AD � a�

�
Odds�AD � a�APOE � g�

Odds�AD � a�APOE � 33�
� OR�AD � a�APOE � g vs APOE � 33�

Thus, we had the following calculation to obtain the esti-
mated risk of AD at age a for someone with APOE genotype g.
Note that the odds ratios are gender- and age-specific, with
differing estimates for each gender and each age.

posterior p�AD � a�APOE�

�

�Prior Odds�AD�age a)�
OR�AD � a�APOE � g vs APOE � 33�

1 � �Prior Odds�AD�age a)�
OR�AD � a�APOE � g vs APOE � 33�

(1)
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For the REVEAL study, we estimated the prior odds using the
age-specific risk curve estimates derived from the MIRAGE
dataset, similar to those described by Lautenschlager et al.15

and the gender-, age-, and genotype-specific odds ratio esti-
mates calculated from the meta analysis data.6 The estimates
used in this study are those drawn from clinic studies of Cau-
casians, which were found to be homogeneous across the stud-
ies of this ethnic group.

To provide a sense of the range of values for these estimates,
we also calculated 95% confidence intervals. Standard errors
for the risk curves were estimated by applying delta theorems,
which state that the variance of a function of estimates can be
calculated from a function of the variances and covariances of
the estimates.18 Because we were considering the product and
ratio of estimates, we transformed the estimator of risk to a
logarithm scale to obtain a more symmetrical distribution and
estimated the standard errors on the logarithm scale. Once a
95% confidence interval is calculated on the logarithm scale,
the 95% confidence interval for the estimate can be readily
obtained by exponentiating the limits on the logarithm scale.
The derivation of the standard errors is provided in the
Appendix.

RESULTS
Example: Practical application for male participants in the REVEAL
study

We illustrate these methods for men in the REVEAL study.
First, we calculated the risk estimates for men who are first
degree relatives of an individual with AD, using an extension of
Kaplan-Meier survival methods, as described in Cupples et
al.14 The primary difference between this approach and a tra-
ditional Kaplan-Meier approach is that it incorporates infor-
mation from persons with missing age information (e.g., those
affected with AD, but their age at onset is unknown). The re-
sulting age-specific risk curve is presented in Fig. 1. As a com-
parison for REVEAL study participants, we also estimated an

age-specific risk curve for spouses of AD patients to use as an
estimate of the risk in the general population.

The plot in Fig. 1 was used to convey information on risk of
AD for men in the REVEAL study who were assigned to the
Control group. For example, if a male entered the study at age
55, we would tell him that his risk for AD up to his current age
is 0.43%, while by age 80 the absolute risk (risk from birth to
age 80) is about 13.3%. We could also cite his remaining risk to
develop AD by age 80, given that he is currently age 55. This
risk is calculated as the risk between age 55 and age 80 (risk age
80 � risk age 55) divided by the risk of developing AD after age
55. For this man, this risk would be as follows: (13.3 � 0.43) /
(100 � 0.43) � 12.9%

Similarly, risk estimates could be provided for males at any
other age. Using the example of a 65-year old male participant
in the REVEAL study, it can be calculated that the risk up until
his current age of 65 was 2.0% and his absolute risk at age 80 is
still 13.3%. However, his remaining risk from age 65 to age 80
is (13.3 � 2.0) / (100 � 2.0) � 11.5%. These calculations illus-
trate the fact that the risk curves present the risk from birth. As
individuals age without developing AD, their remaining risk
actually decreases, since they have passed through ages when
they could have developed AD but did not.

For male participants in the REVEAL study Intervention
group, we incorporated the gender- and age-specific risk based
on their APOE genotype, as illustrated in Fig. 2 for men with
APOE genotype �3/�4. This curve was calculated according to
the methods described earlier. To create the curve, we modi-
fied the age-specific risk estimates for men who are first-degree
relatives of an individual with AD by the age-specific odds ratio
estimates for a male with APOE genotype �3/�4 relative to a
male with APOE genotype �3/�3. For example, in our meta-
analysis article, we found that the odds ratio estimate for a
55-year-old Caucasian male with APOE genotype �3/�4 is 3.02,
for a 65-year-old Caucasian male with genotype �3/�4 is 3.31,
and for an 80-year-old male is 2.37. Hence, for a male with

Fig. 1. Risk curves of AD for Control men. Curves are presented for ages 40 to 85 for the
general population, denoted with an open triangle, and for first degree relatives of an AD
patient, denoted with a solid diamond. Estimates of risk are given in percent. Bars repre-
sent the 95% confidence interval for each age at 5-year intervals.

Fig. 2. Risk curves of AD for Intervention men with APOE genotype �3/�4. Three
curves are presented for ages 40 to 85: one for the general population, denoted with an
open triangle, one for first degree male relatives of an AD patient, denoted with a solid
diamond, and one for a first degree male relative with APOE genotype �3/�4, denoted with
a solid square. Estimates of risk are given in percent. Bars represent the 95% confidence
interval for each age at 5-year intervals.
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APOE genotype �3/�4 and age 55 at entry into the study, the
estimated risk of developing AD by his current age is 1.3%
using equation 1. This is calculated from the prior risk of 0.43%
for a male with �3/�3 genotype and the increased odds for the
male age 55 with genotype �3/�4 of 3.02. The prior risk of
0.00433 is first converted to a prior odds resulting in 0.00435.
This estimate is then multiplied by the odds ratio as
0.00435(3.02) yielding 0.0131. Finally, the risk for the male age
55 with genotype �3/�4 is calculated as 0.0131 / (1 � 0.0131)
yielding 0.01297. His absolute risk of developing AD by age 80
is 26.8%, using the risk of 0.13344 for the male age 80 with
genotype �3/�3 and odds ratio 2.37 for a male age 80 with
genotype �3/�4. Thus, his remaining risk to develop AD by age
80, given that he is currently 55, is 25.8%. Similarly, if he is age
65 with prior risk of 2.01% and odds ratio of 3.31, his remain-
ing risk to develop AD by age 80 given that he is currently 65
(current risk of 6.4%) is about 21.8%. Fig. 2 presents the con-
fidence limits for each curve along with the estimated curves.

Thus, to illustrate, during disclosure by the genetic coun-
selor, a male REVEAL participant in the Intervention group
with APOE �3/�4 would be shown the curves presented in Fig.
2, whereas a male REVEAL participant in the Control group
would be shown the curves in Fig. 1.

In this study, we have presented the methods for males and
for males with APOE �3/�4. The methods for other groups of
individuals are comparable. Curves for these groups are avail-
able from the authors.

DISCUSSION

It has been firmly established that the �4 allele of APOE
carries substantial increased risk for AD. In light of the physi-
cal, psychological, and social burdens of AD, adult children
having one parent with AD are increasingly concerned about
their own risk of developing AD. Many are aware of APOE as a
genetic risk factor and realize that there is a potential predictive
genetic test for AD. Some actually request information about
their risks including APOE genotype information, from clini-
cians. However, there have been several consensus groups that
have recommended against disclosure of APOE genotype to
unaffected persons, and there are no data on this to help guide
clinical protocols.

In response to this situation, a multicenter study called the
REVEAL study (Risk Evaluation and Education for Alzhei-
mer’s disease) was funded in 1999 by the Ethical, Legal, and
Social Implications program of the National Human Genome
Research Institute. A primary goal of this study was to evaluate
the safety of presenting risk information to offspring of a per-
son with AD. For this goal, the REVEAL study protocol ran-
domized adult offspring of AD patients into one of two groups:
one group received information about their risk based on fam-
ily history and their APOE genotype (the Intervention group),
and a second group received information about their risk
based on family history only (the Control group). To facilitate
the disclosure of risks to Intervention and Control groups, we
decided to develop risk curves that illustrated the information

in a manner comprehensible to study participants. This article
describes the methods used to develop these risk curves and
presents some specific examples of these curves.

These risk estimates pertain only to first-degree relatives of
AD patients. They do not allow inference about the risk (with
or without APOE information) for other categories of biolog-
ical relatives or for the general population. Participants in the
Control Arm of the REVEAL study were presented with two
curves representing the risk to a first-degree relative with the
same gender as the participant, and the risk to an unrelated
individual (i.e., a spouse) independent of APOE genotype. Par-
ticipants in the Intervention Arm of the study were presented
with the same two curves, plus a third curve, which represented
the risk for a first degree relative of the same gender as the
participant, incorporating his or her APOE genotype and the
age-specific odds ratio estimates associated with this genotype.
No confidence limits were included on the curves presented to
study participants. The presentation of curves was felt to be
important because it provided risk information in a graphical
way that could be readily comprehended by study participants.

There are several caveats regarding the estimation of these
curves. These curves were derived from two sources of infor-
mation, using very different strategies for collection of data
and cannot be considered definitive estimates of risk. Never-
theless, both sources of information were derived from large
studies, using information from multiple institutions, both
published and unpublished information, and from well-char-
acterized individuals with AD. Further, we did not use a single
odds ratio estimate. Rather, the odds ratio estimates were gen-
der- and age-specific. An additional limitation is that the reli-
ability of the information diminishes after age 85 because each
of the original studies used to estimate risks have fewer indi-
viduals of advanced age. However, most persons seeking ge-
netic information are middle-aged and are less concerned
about their risk at these late ages. In developing this method-
ology, the estimates of gender- and age-specific odds ratios
have been assumed to approximate risk ratios. This assump-
tion is appropriate in several situations, but may not provide
valid estimates for large risk estimates as the approximation is
only accurate for rare events. Finally, our estimates were de-
rived only for Caucasian subjects because we did not have suf-
ficient information to derive estimates for other ethnic groups.
Additional data are being collected that will eventually allow
the estimation of curves specific for African Americans as well.

In summary, we describe the methods used to derive risk
estimates of AD for offspring of AD patients in the context of
the REVEAL study clinical trial. These methods use two
sources of information including familial risk data from the
MIRAGE study and results from a pooled data analysis provid-
ing estimates of the APOE gender-, age-, and genotype-specific
odds of AD. In the future, we plan to extend these methods to
other ethnic groups. Ultimately, the derivation of more precise
unbiased estimates will rely on prospective studies that follow
high-risk individuals over a long period of time.12

Estimating risk of AD in the REVEAL study
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APPENDIX

Because the posterior probability of developing AD by age a
is estimated by

posterior p�AD � a�APOE�

�

�Prior Odds�AD�age a��
OR�AD � a�APOE � g vs APOE � 33�

1 � �Prior Odds�AD�age a��
OR�AD � a�APOE � g vs APOE � 33�

and is a function of the prior odds of AD by age a and the relative
odds of AD by age a for someone with APOE genotype g com-
pared to someone with APOE genotype 33, we applied delta the-
orems to calculate its standard error. As the distribution of this
estimate may be skewed, we first applied a logarithm (base e)
transformation and then calculated the standard error on the log-
arithmic scale. Hence, a confidence interval for the posterior risk
of AD can be calculated on a logarithmic scale, using the derived
standard error, and then each endpoint of the interval exponen-
tiated to obtain the confidence interval in the original scale.

To obtain a formulation for the variance of the posterior risk, let
the following be true: p � posterior p(AD � a | APOE); � � prior
odds(AD | age a); OR � OR(AD � a | APOE � g vs. APOE � 33)

Then, we see the following:

ln p � ln��OR� � ln�1 � �OR�

� ln� � lnOR � ln�1 � �OR�

From this formulation, we see the following:

Var�ln p� �
Var�ln�� � Var�lnOR� � Var�ln�1 � �OR��
� 2 Cov�ln�, lnOR� � 2 Cov�ln�, ln�1 � �OR��
� 2 Cov�lnOR, ln�1 � �OR��

Because OR � eln OR, it is clear that logarithm of the posterior
risk is a function of two quantities, the logarithm of the prior
odds (ln�) and the logarithm of OR (ln OR). Thus, applying
the delta theorem for the variance of two estimators and as-
suming that the covariance between ln OR and � is zero be-
cause these are estimated from independent data sets, we see
the following:

Var�ln p�

� �1

��
2

Var��� � Var�lnOR� � � OR

1 � �OR�
2

Var���

� � �OR

1 � �OR�
2

Var�lnOR� � 2� OR

��1 � �OR�� Var���

� 2� �OR

�1 � �OR��Var�lnOR�

� � 1

�2 � � OR

1 � �OR�
2

� 2� OR

��1 � �OR��� Var���

� � 1 � � �OR

1 � �OR�
2

� 2� �OR

�1 � �OR��� Var�lnOR�

With this formulation, we only need to calculate the variance
of two quantities, the prior odds and the ln OR. The prior odds
is of the form p/1 � p and thus,

Var��� �
1

�1 � p�4 Var�p�,

where p � prior odds and the Var (ln OR) is calculated from
the variance of a linear function of the logistic regression pa-
rameters from which the ln OR is estimated.
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