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ABSTRACT

Objective: The identification of susceptibility alleles to risk of Alzheimer disease (AD) is a major
public health priority. Using apolipoprotein E genotype (APOE), we examined whether neuro-
pathologic intermediate phenotypes, the pathology underlying clinical AD that presumably lies
intermediate in the causal chain, would increase power for genetic associations.

Methods: More than 700 older persons underwent annual evaluation and organ donation as part of
the Religious Orders Study or Rush Memory and Aging Project. A total of 536 autopsied persons with
clinical AD or without dementia with APOE genotyping and a quantitative measure of AD pathology
were analyzed. Regression analyses were used to examine the relation of APOE to clinical AD, to the
level of cognitive function proximate to death, and to measures of AD neuropathology.

Results: APOE �4 was associated with increased odds of clinical AD (p � 3 � 10�7), and its
association with level of cognition was stronger (p � 8 � 10�12). However, the use of quantitative
measures of AD pathology markedly enhanced the association (p � 9 � 10�24). The APOE �2 was
not associated with either AD (p � 0.69) or level of cognition (p � 0.82). However, its association
with AD pathology (p � 1 � 10�5) was sufficiently strong that it would have warranted follow-up
if discovered in a genome-wide association study. Power calculations demonstrate that a sample
size of 625 subjects with our measure of AD pathology would be required to meet genome-wide
significance of p � 5 � 10�8 for �2.

Conclusion: Discovery efforts for susceptibility loci for Alzheimer disease could benefit from the
use of neuropathologic intermediate phenotypes as a complement to other approaches.
Neurology® 2009;72:1495–1503

GLOSSARY
AD � Alzheimer disease; CERAD � Consortium to Establish a Registry for Alzheimer’s Disease; CI � confidence interval;
MCI � mild cognitive impairment; NIA � National Institute on Aging; OR � odds ratio.

Genetic factors play an important role in the development of Alzheimer disease (AD).1 While
variants in four genes are accepted as causing or increasing risk of AD, they only explain a small
proportion of disease occurrence, suggesting that other genetic variants remain to be identified.
However, identifying additional genetic variants has proven difficult. One reason relates to
phenotypic heterogeneity. While the pathology of AD is often expressed as a dementia syn-
drome, AD pathology is common in persons without dementia.2 Further, cerebrovascular
disease and Lewy bodies also impair cognition and contribute to the AD dementia phenotype.3

We believe that genetic analysis of neuropathologic phenotypes lying intermediate in the causal
pathway linking allele status to clinical disease will enhance associations for susceptibility al-
leles. An overall conceptual model illustrating this is outlined in the figure.

We used clinical and postmortem data from the Religious Orders Study and Rush Memory and
Aging Project to examine the relation of APOE to clinically diagnosed AD, to the level of cognitive
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function proximate to death, and to dichoto-
mous and quantitative measures of AD pathol-
ogy. We focused our assessment on the APOE
locus because it is a well-validated susceptibility
locus for sporadic, late-onset AD and because
the alleles associated with disease risk (�2 and
�4) are relatively common in human popula-
tions.4,5 We found much more robust associa-
tions and larger effect sizes between APOE and
level of cognition than for clinically diagnosed
disease and far more robust associations with the
quantitative postmortem measures of AD pa-
thology than for the clinical outcomes.

METHODS Study participants. Clinical and postmortem
data came from participants in the Religious Orders Study and
Rush Memory and Aging Project.6 In both studies, participants
without known dementia at baseline agreed to annual clinical evalu-
ation and brain donation at the time of death. Written informed
consent and an Anatomic Gift Act were signed after the procedures
were fully explained. Both studies were approved by the Institu-
tional Review Board of Rush University Medical Center. Since
1993, more than 2,300 persons agreed to participate. The overall
follow-up rate exceeds 90% of survivors and the autopsy rate is
90%. Clinical and postmortem evaluation procedures allowed for
data to be pooled for analyses. More than 700 autopsies have been
performed and the neuropathologic evaluation completed on the
first 578. We excluded 15 persons with a diagnosis of dementia due
to a clinical condition other than AD, 17 persons with APOE �2/4,
and 10 with missing genotype. This left 536 persons for analyses, of
whom 317 (59.1%) were without dementia, including 137 with
mild cognitive impairment (MCI), and 219 (40.9%) with probable
or possible AD.

Clinical evaluation. The clinical diagnoses of AD followed
National Institute of Neurological and Communicative Disor-
ders and Stroke–Alzheimer’s Disease and Related Disorders As-
sociation criteria,7 as described.8 At the time of death, clinical
data were reviewed by a neurologist without access to postmor-
tem data and a summary diagnostic opinion rendered regarding
the most likely clinical diagnosis at the time of death. Level of
cognition was based on cognitive testing performed proximate to
death. The studies have 19 cognitive performance tests in com-

mon. Mini-Mental State Examination9 was used to describe the
cohort and one test was used for diagnostic classification pur-
poses only. The remaining 17 tests have been previously de-
scribed (table 1).6 Tests were converted to z scores, using the
mean and SD from the baseline evaluation of all participants,
and averaged to yield summary measures of global cognition and
five cognitive domains: episodic memory, semantic memory,
working memory, perceptual speed, and visuospatial ability.
Summary measures minimize floor and ceiling effects and other
sources of random variability.

Postmortem examination. Bielschowsky silver stain was used
to visualize neuritic plaques, diffuse plaques, and neurofibrillary tan-
gles in tissue sections from the midfrontal, middle temporal, inferior
parietal, and entorhinal (proper) cortices, and the hippocampal
CA1 sector. Neuropathologic diagnoses of AD were made without
access to clinical data. We classified persons as having pathologic
AD three ways: the presence of probable or highly probable AD by
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) based on semiquantitative estimates of highest neuritic
plaque density,10 Braak stage IV–VI based on the distribution and
severity of neurofibrillary tangle pathology,11 and intermediate or
high likelihood of AD by National Institute on Aging (NIA)-
Reagan criteria based on CERAD estimates and Braak staging,12 as
described.6 The quantitative composite AD pathology score was
based on counts of neuritic plaques, diffuse plaques, and neurofibril-
lary tangles, as described.13,14 Because the means, standard devia-
tions, and ranges of the data varied widely, we converted the raw
counts to a standard distribution by dividing each person’s count by
the SD for that particular count and formed a summary measure by
averaging the scaled scores. Because the data were skewed, square
root of the scaled score was used in analyses. Separate summary
measures of neurofibrillary tangles and neuritic and diffuse plaques
were made. Macroscopic cerebral infarctions and Lewy bodies were
determined as described.6

Apolipoprotein E genotyping. APOE genotyping was per-
formed by Agencourt Bioscience Corporation (Beverly, MA) uti-
lizing high throughput sequencing of codon 112 (position 3937)
and codon 158 (position 4075) of exon 4 of the APOE gene on
chromosome 19.15

Statistical analysis. �2, t, and Wilcoxon tests were used to
compare demographics, genotypes, and clinical and neuropatho-
logic variables between those with and without AD. Logistic re-
gression was used to examine the odds of dichotomous outcomes
as a function of APOE, and linear regression was used to examine

Figure Putative pathways linking genetic and nongenetic risk factors to Alzheimer disease (AD) and other
pathology, neurodegeneration, cognitive decline, and clinically diagnosed AD

Note that two or more of these pathways typically operate simultaneously.
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continuous measures as a function of APOE. All analyses were
adjusted for age, sex, and education; APOE �3/�3 was the refer-
ence group. Analyses were carried out using SAS/STAT software
V9 (SAS Institute Inc, Cary, NC). Model assumptions were eval-
uated analytically and graphically. p Values less than 0.0001 were deter-
mined via cumulative distribution functions (PROBCHI and
PROBNORM) in SAS DATA steps. Power calculations were
performed using the Genetic Power Calculator.16

RESULTS Table 1 shows the demographics, APOE
genotypes, and clinical and neuropathologic indices of
the subjects considered in our analyses. As expected,
those with clinical AD were older, were more likely to
have an �4 allele, scored lower on all cognitive tests, and
had more AD and other neuropathologies.

Relation of APOE to clinical AD. We first examined
the expected relation of APOE alleles to the clinical di-
agnosis of AD proximate to death. The presence of the
�4 allele was associated with more than a threefold in-
crease in the odds of clinical AD (odds ratio [OR] �

3.17, 95% confidence interval [CI] � 2.03–4.93, p �

3 � 10�7). By contrast, the �2 allele was associated
with only a slight reduction in the odds of clinical AD
(OR � 0.89, 95% CI � 0.51–1.6, p � 0.692).

Relation of APOE to level of cognition. We next exam-
ined the relation of APOE to the level of cognition
proximate to death (table 2). Note that the p value for
�4 in the model with global cognition (p � 8 � 10�12)
is clearly below the generally accepted level for genome-
wide significance of p � 5 � 10�8.17 The �2 allele
remained nonsignificant. Overall, the core model which
includes age, sex, and education explained about 11%
of the variance of cognition, and APOE allele status ex-
plained nearly 9% additional variance. To ensure that
the results were not due to those with �4/4, we con-
ducted separate analyses comparing those with �3/4 to
those with �3/3 (there were too few cases of �4/4 for
meaningful analyses). The results were comparable to
the results of the analyses considering any subject with
an �4 allele. We next examined the relation of allele
status to level of function in five cognitive domains. The
association of the �4 allele was most robust for episodic
memory (p � 5 � 10�14), where it explained more
than 9% of the variance. The association with semantic
memory also achieved genome-wide significance
whereas the associations with working memory and per-
ceptual speed nearly reached this level of significance.
The least robust association in our sample was visuospa-
tial ability, for which �4 explained 2% of the variance,
but demonstrated substantial evidence of association
(p � 0.0009). By contrast, the �2 allele was not associ-
ated with any cognitive outcome.

Relation of APOE to neuropathologic AD phenotypes.
We next examined the relation of APOE to measures
of AD neuropathology, which we hypothesize would

Table 1 Demographic, genetic, cognitive, and neuropathologic characteristics of
subjects with and without clinical Alzheimer disease (AD)

Demographics AD No AD p Value

No. (%) 219 (40.9) 317 (59.1)

Mean age, y (SD) 89.3 (5.9) 85.1 (6.7) �0.0001

Education, y (SD) 16.8 (3.6) 16.9 (3.8) 0.5655

Male (%) 88 (40.2) 135 (42.6) 0.5788

APOE genotypes (%)

�3/3 115 (52.5) 207 (65.3) 0.0030

Any �4 79 (36.1) 61 (19.2) �0.0001

�3/4 74 (93.7) 56 (91.8)

�4/4 5 (6.3) 5 (8.2)

Any �2 25 (11.4) 49 (15.5) 0.1824

�2/3 25 (100) 47 (95.9)

�2/2 0 2 (4.1)

Cognitive function (SD)

Mini-Mental State Examination 13.9 (8.5) 27.4 (2.9)

Global cognition �1.92 (1.00) �0.08 (0.50) �0.0001

Episodic Memory �2.07 (1.05) �0.00 (0.69) �0.0001

Word List Memory 7.69 (5.19) 16.64 (4.71)

Word List Recall 0.88 (1.60) 4.87 (2.43)

Word List Recognition 4.67 (3.57) 9.40 (1.23)

East Boston Story Immediate 4.37 (3.57) 9.19 (1.86)

East Boston Story Delayed 3.04 (3.50) 8.62 (2.28)

Logical Memory Ia Immediate 3.44 (3.95) 11.45 (4.45)

Logical Memory IIa Delayed 2.19 (3.19) 9.82 (4.56)

Semantic Memory �1.87 (1.47) �0.08 (0.59) �0.0001

Boston Naming Test 9.24 (4.41) 13.66 (1.37)

Verbal Fluency 11.80 (8.27) 28.85 (8.42)

Reading test 6.04 (3.25) 8.18 (2.10)

Working Memory �1.45 (1.07) �0.04 (0.69) �0.0001

Digit Span Forward 5.50 (2.99) 8.02 (1.94)

Digit Span Backward 3.00 (2.26) 5.99 (1.98)

Digit Ordering 3.18 (2.61) 6.78 (1.96)

Perceptual Speed �2.12 (0.87) �0.43 (0.91) �0.0001

Symbol Digit Modalities Test 11.00 (10.64) 31.76 (11.05)

Number Comparison 9.64 (7.58) 21.29 (7.63)

Visuospatial ability �1.50 (1.21) �0.11 (0.74) �0.0001

Judgment of Line Orientation 5.76 (3.99) 9.43 (3.16)

Standard Progressive Matrices 4.31 (2.41) 7.05 (1.66)

Neuropathology (%)

CERAD probable or definite 188 (85.8) 163 (51.4) �0.0001

Braak stage IV–VI 157 (71.7) 116 (36.6) �0.0001

NIA-Reagan intermediate or high 180 (82.2) 141 (44.5) �0.0001

Quantitative measures

Global AD pathology (SD) 1.04 (0.72) 0.49 (0.48) �0.0001

Neurofibrillary tangles (SD) 0.88 (1.05) 0.30 (0.36) �0.0001

Neuritic plaques (SD) 1.26 (0.97) 0.51 (0.59) �0.0001

Diffuse plaques (SD) 1.00 (0.86) 0.65 (0.80) �0.0001

Macroscopic infarctions (%) 72 (32.88) 75 (23.73) 0.0198

Lewy bodies (%) 53 (24.20) 44 (13.88) 0.0023

CERAD � Consortium to Establish a Registry for Alzheimer’s Disease; NIA � National Insti-
tute on Aging.
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be more robustly associated as they are more proxi-
mate to genetic variation in the causal chain to clini-
cal AD. We first used three dichotomous measures of
the neuropathologic diagnosis of AD that are avail-
able in many datasets (table 3). In each case, the
effect of APOE �4 exceeded the threshold for
genome-wide significance and was more robust than

with level of cognition. Further, the �2 allele was
marginally significant with the strongest association
with CERAD (p � 0.0054).

Next, we examined the relation of APOE to a
continuous quantitative measure of AD pathology.
Again, the effect of APOE �4 far exceeded the thresh-
old for genome-wide significance, and the �2 allele
also achieved substantial evidence of association (p �

1 � 10�5) and would warrant further evaluation in a
genome-wide study which is often set at 5 � 10�8 �

p � 10�3. Overall, the core model which included
age, sex, and education explained around 5% of the
variance of the global measures of AD pathology
whereas allele status explained more than 20% of the
variance. Separate analyses revealed that the associa-
tions were not due to those subjects with an �4/4
genotype.

Additional analyses were conducted with the
counts of three neuropathologic indices that com-
prise the global measure of AD pathology. The �4
allele was strongly associated with neurofibrillary
tangles but �2 was not significant. Because the num-
ber of persons without plaques precluded the use of
linear regression in the entire sample, analyses of
plaque counts proceeded in two stages. First, we used
logistic regression to examine the relation of allele
status to the presence of plaques. This was followed
by linear regression to examine the relation of allele
status to the number of plaques among those with
non-zero plaque counts. While it is difficult to com-
pare these models directly with the neurofibrillary
tangle model, the associations were more robust than
the associations with tangles.

Relation of APOE to intermediate phenotypes in per-

sons without and with clinical AD. Because some ge-
netic factors may influence endophenotypes in the
disease population only whereas others may be re-
lated to endophenotypes among those with and
without disease, we repeated the models separately
among the 317 persons without clinical AD and the
219 persons with AD (table 4). Among persons with-
out AD, the �4 allele was marginally related to global
cognition but the �2 allele was not. By contrast, the
association of the �4 allele with global AD pathology
in these subjects greatly exceeded the threshold for
genome-wide significance and the �2 allele was also
significant. Overall, among persons without AD, al-
lele status explained around 17% of the variance of
AD pathology. The results of analyses with a term for
�3/4 were also highly significant (data not shown).

Among those with clinical AD, the �4 allele was
also related to global cognition whereas �2 was not.
By contrast, the association of the �4 allele with
global AD pathology approached the threshold for

Table 2 Relation of APOE to level of global cognition and function in five
different cognitive systems

Phenotype Model terms
Model 1, estimate (SE)
p value

Model 2, estimate (SE)
p value

Global cognition Age �0.058 (0.0071) 3 x 10�16 �0.064 (0.0077) 9 x 10�17

Sex �0.066 (0.0958) 0.4919 �0.053 (0.1026) 0.6034

Education 0.037 (0.0126) 0.0036 0.034 (0.0134) 0.0123

Any APOE �4 �0.739 (0.1080) 8 x 10�12 —

Any APOE �2 0.032 (0.1367) 0.8176 —

APOE �3/4 — �0.722 (0.1089) 3 x 10�11

Episodic memory Age �0.065 (0.0080) 4 x 10�16 �0.072 (0.0088) 3 x 10�16

Sex �0.067 (0.1082) 0.5350 �0.069 (0.1167) 0.5574

Education 0.043 (0.0143) 0.0028 0.037 (0.0152) 0.0150

Any APOE �4 �0.918 (0.1219) 5 x 10�14 —

Any APOE �2 0.098 (0.1544) 0.525 —

APOE �3/4 — �0.888 (0.1239) 8 x 10�13

Semantic memory Age �0.060 (0.0085) 2 x 10�12 �0.064 (0.0092) 3 x 10�12

Sex �0.034 (0.1154) 0.7691 �0.030 (0.1226) 0.8051

Education 0.042 (0.0154) 0.0068 0.039 (0.0162) 0.0168

Any APOE �4 �0.729 (0.1300) 2 x 10�8

Any APOE �2 �0.109 (0.1658) 0.5110

APOE �3/4 — �0.724 (0.1302) 3 x 10�8

Working memory Age �0.046 (0.0070) 2 x 10�11 �0.051 (0.0077) 4 x 10�11

Sex �0.053 (0.0945) 0.5742 �0.013 (0.1023) 0.9009

Education 0.026 (0.0125) 0.0396 0.022 (0.0134) 0.1054

Any APOE �4 �0.553 (0.1067) 2 x 10�7

Any APOE �2 0.006 (0.1347) 0.9631

APOE �3/4 �0.534 (0.1089) 9 x 10�7

Perceptual speed Age �0.070 (0.0074) 3 x 10�21 �0.077 (0.0081) 2 x 10�21

Sex �0.136 (0.1008) 0.1777 �0.171 (0.1081) 0.1143

Education 0.034 (0.0134) 0.0123 0.031 (0.0143) 0.0311

Any APOE �4 �0.526 (0.1131) 3 x 10�6

Any APOE �2 �0.102 (0.1448) 0.4816

APOE �3/4 �0.527 (0.1145) 4 x 10�6

Visuospatial
ability

Age �0.041 (0.0076) 7 x 10�8 �0.046 (0.0082) 2 x 10�8

Sex 0.135 (0.1032) 0.1927 0.183 (0.1097) 0.0954

Education 0.025 (0.0138) 0.0669 0.026 (0.0145) 0.0778

Any APOE �4 �0.388 (0.1159) 0.0009

Any APOE �2 0.042 (0.1495) 0.7786

APOE �3/4 �0.362 (0.1166) 0.0020

In all models, APOE �3/3 is the reference group. Model 1 includes terms for any �4 and any
�2; model 2 includes a term for �3/4 and excludes subjects with �4/4 and any�2.
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Table 3 Relation of APOE to dichotomous indices of the neuropathologic diagnosis of AD by CERAD, Braak
stage, and NIA-Reagan, and quantitative measures of global AD pathology and separate measures of
neurofibrillary tangles and neuritic and diffuse plaques

Phenotype Model terms Model 1, estimate (SE) p value Model 2, estimate (SE) p value

CERAD (probable or definite) Age 0.122 (0.0174) 2 x 10�12 0.122 (0.0191) 2 x 10�10

Sex �0.020 (0.2091) 0.9235 �0.063 (0.2308) 0.7851

Education 0.035 (0.0284) 0.2130 0.034 (0.0310) 0.2682

Any APOE �4 1.739 (0.2915) 2 x 10�9

Any APOE �2 �0.780 (0.2802) 0.0054

APOE �3/4 1.840 (0.3119) 4 x 10�9

Braak stage (IV–VI) Age 0.118 (0.0170) 4 x 10�12 0.109 (0.0180) 1 x 10�9

Sex �0.446 (0.1991) 0.0251 �0.477 (0.2151) 0.0266

Education 0.012 (0.0269) 0.6657 0.011 (0.0288) 0.7060

Any APOE �4 1.516 (0.2420) 4 x 10�10

Any APOE �2 0.595 (0.2888) 0.0392

APOE �3/4 1.559 (0.2505) 5 x 10�10

NIA-Reagan (intermediate
or high likelihood)

Age 0.138 (0.0178) 9 x 10�15 0.145 (0.0196) 1 x 10�13

Sex �0.070 (0.2043) 0.7320 �0.093 (0.2243) 0.6774

Education 0.046 (0.0278) 0.0970 0.040 (0.0302) 0.1845

Any APOE �4 1.562 (0.2619) 2 x 10�9

Any APOE �2 �0.653 (0.2841) 0.0215

APOE �3/4 1.610 (0.2747) 5 x 10�9

Global pathology Age 0.016 (0.0024) 3 x 10�11 0.017 (0.0027) 3 x 10�10

Sex �0.050 (0.0323) 0.1235 �0.045 (0.0357) 0.2030

Education �0.001 (0.0043) 0.7357 �0.003 (0.0047) 0.5049

Any APOE �4 0.365 (0.0363) 9 x 10�24

Any APOE �2 �0.200 (0.0461) 1 x 10�5

APOE �3/4 0.358 (0.0378) 3 x 10�21

Tangles Age 0.019 (0.0050) 0.0001 0.020 (0.0056) 0.0006

Sex �0.094 (0.0666) 0.1603 �0.092 (0.0749) 0.2202

Education �0.019 (0.0088) 0.0286 �0.021 (0.0098) 0.0347

Any APOE �4 0.495 (0.0748) 4 x 10�11

Any APOE �2 �0.179 (0.0950) 0.0601

APOE �3/4 0.468 (0.0793) 4 x 10�9

Neuritic plaques Age logistic 0.100 (0.0175) 1 x 10�8 0.102 (0.0197) 2 x 10�7

Age linear 0.008 (0.0031) 0.0074 0.010 (0.0033) 0.0025

Sex logistics 0.086 (0.2246) 0.7031 0.011 (0.2501) 0.9651

Sex linear �0.080 (0.0385) 0.0388 �0.057 (0.0416) 0.1692

Logistic Education 0.049 (0.0305) 0.1062 0.055 (0.0336) 0.1004

Linear Education �0.005 (0.0052) 0.3789 �0.008 (0.0055) 0.1282

Logistic Any APOE �4 1.807 (0.3581) 5 x 10�7

Linear Any APOE �4 0.235 (0.0413) 1 x 10�8

Logistic Any APOE �2 �0.774 (0.2805) 0.0058

Linear Any APOE �2 �0.174 (0.0629) 0.0060

Logistic APOE �3/4 1.823 (0.3748) 1 x 10�6

Linear APOE �3/4 0.233 (0.0424) 4 x 10�8

—Continued
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genome-wide significance, and the �2 allele was also
highly significant. Overall, among persons with clin-
ical AD, allele status explained 18% of the variance
of AD pathology. Results of analyses with �3/4 were
again highly significant (data not shown).

Power calculation for APOE �2. The results of the �2
allele analyses are interesting since the effect size is
similar to those described for loci influencing other
complex disease traits (e.g., Type II diabetes). There-
fore, we conducted a power calculation to determine
the sample size needed to attain significance for a
genome-wide study of the �2 allele with the global
measure of AD pathology as the study outcome. As-
suming an allele frequency of 0.07 that explained 7%
of the variance and a model without dominance,

only 625 subjects would be required to achieve p � 5
� 10�8 with 90% power.

DISCUSSION The application of genome-wide as-
sociation methods to the analysis of human disease
has met with recent success. Studies are also being
performed for AD, but results have been variable.18-21

In view of the ongoing investment in large genetics
consortia by the NIH, empirical data on the use of
quantitative intermediate phenotypes for gene dis-
covery, as a complement to other strategies, seems
warranted.18,22

Our results demonstrate that phenotypes inter-
mediate in the causal pathway linking APOE to clin-
ical AD provide considerably more power to detect
genetic variants compared with the more distal clini-
cal diagnosis. With the current sample size, genome-
wide significance was not achieved with clinical AD
as the outcome, however, the �4 allele achieved
genome-wide significance with level of cognition and
was far more robust with quantitative measures of
AD pathology. While the �2 allele was not associated
with clinical AD or level of cognition with the
present sample size, it was strongly associated with
AD pathology and power calculations suggest that a
sample size of only 625 would be needed to reach
genome-wide significance with a quantitative mea-
sure of AD pathology as the study outcome. Finally,
the associations with �4 were not due solely to those
subjects with the �4/4 genotype, were present in per-
sons with and without clinical AD, and were evident
across multiple domains of cognition and different
measures of AD pathology.

Table 4 Relation of APOE to global cognition and global AD pathology in
persons without and with clinical AD

Phenotype Model terms
No AD, estimate (SE)
p value

Clinical AD, estimate (SE)
p value

Global cognition Age �0.022 (0.0040) 4 x 10�8 �0.010 (0.0121) 0.4153

Sex 0.005 (0.0541) 0.9325 0.004 (0.1378) 0.9786

Education 0.028 (0.0070) 0.0001 0.050 (0.0188) 0.0086

Any APOE �4 �0.145 (0.0672) 0.0313 �0.495 (0.1499) 0.0011

Any APOE �2 0.054 (0.0734) 0.4584 �0.081 (0.2156) 0.7090

Global pathology Age 0.014 (0.0029) 1 x 10�6 0.002 (0.0044) 0.6935

Sex �0.045 (0.0384) 0.2446 �0.082 (0.0503) 0.1030

Education 0.001 (0.0050) 0.8088 �0.005 (0.0068) 0.4676

Any APOE �4 0.322 (0.0476) 1 x 10�11 0.255 (0.0545) 3 x 10�6

Any APOE �2 �0.161 (0.0519) 0.0021 �0.278 (0.0788) 0.0005

AD � Alzheimer disease.

Table 3 Continued

Phenotype Model terms Model 1, estimate (SE) p value Model 2, estimate (SE) p value

Diffuse plaques Age logistic 0.073 (0.0171) 2 x 10�5 0.094 (0.0201) 3 x 10�6

Age linear 0.004 (0.0032) 0.2482 0.003 (0.0034) 0.4281

Sex logistic �0.450 (0.2235) 0.0439 �0.416 (0.2534) 0.1009

Sex linear 0.020 (0.0404) 0.6201 0.023 (0.0429) 0.5996

Logistic Education 0.069 (0.0304) 0.0243 0.090 (0.0343) 0.0087

Linear Education �0.007 (0.0054) 0.2136 �0.011 (0.0058) 0.0497

Logistic Any APOE �4 1.658 (0.3576) 4 x 10�6

Linear Any APOE �4 0.227 (0.0430) 1 x 10�7

Logistic Any APOE �2 �0.811 (0.2793) 0.0037

Linear Any APOE �2 �0.180 (0.0652) 0.0061

Logistic APOE �3/4 1.713 (0.3764) 3 x 10�6

Linear APOE �3/4 0.224 (0.0439) 3 x 10�7

In all models, APOE �3/3 is the reference group. Model 1 includes terms for any �4 and any �2; model 2 includes a term for
�3/4 and excludes subjects with �4/4 and any�2.
AD � Alzheimer disease; CERAD � Consortium to Establish a Registry for Alzheimer’s Disease; NIA � National Institute on
Aging.
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We suspect that our findings result in part from
phenotypic heterogeneity. Our conceptual model
(figure) is supported by several findings. First, all
known susceptibility loci for AD (APP, PSEN1,
PSEN2, and APOE) alter the metabolism of the
amyloid-� peptide and result in the accumulation of
neuritic plaques and neurofibrillary tangles.1 Second,
while persons meeting rigorous clinical criteria for AD
nearly always meet pathologic criteria for the disease,
many persons without dementia, especially those with
MCI, have significant AD neuropathology.2,3 In prior
work in these two cohorts, most persons with MCI and
a third of those without cognitive impairment met neu-
ropathologic criteria for AD.6,23 Third, AD pathology
appears to mediate the association of APOE with cogni-
tion and clinical disease.13 The model also illustrates ad-
ditional pathways leading to clinical AD such as other
genes associated with AD pathology, and genetic vari-
ants for clinical AD associated with cerebral infarctions,
Lewy bodies, other neuropathologies, or ones that di-
rectly lead to neurodegenerative changes. For example,
APOE has been related to measures of cerebrovascular
disease and to neural repair mechanisms.24-26 Ulti-
mately, it is important to understand all of these path-
ways as the prevention of the clinical dementia
syndrome is of prime interest. Further, although pre-
sented as independent pathways, two or more operate
simultaneously.3,27

Prior studies of genetic variants have employed
AD neuropathology as the phenotype. For example,
among persons with AD, some studies find an associ-
ation between the presence of one or more �4 alleles
and neuritic plaques whereas other studies only find
the association among persons with two copies of this
allele.24,28 Less data are available from persons with-
out dementia where the presence of the �4 allele has
been associated with amyloid deposition.29 AD pathol-
ogy has also been examined in relation to other poly-
morphisms. CYP46 showed associations with amyloid
and tau among those with and without AD in some
studies, but not in a separate study of persons with
AD.30,31 Interestingly, in one study, IDE polymor-
phisms were associated with measures of AD pathology
but not cognitive status among persons with AD.32

Thus, finding an association with neuropathology does
not guarantee that one has identified a risk factor for
clinical disease and separate validation efforts for the
clinical phenotype are warranted. Nonetheless, an allele
associated with AD-related neuropathology would have
a high likelihood of association with clinical AD, and
the analyses presented here suggest that we should ex-
tend current studies that have used clinical and neuro-
pathologic data to assign case status in whole genome
studies to explore neuropathology itself as the pheno-
type of interest.19

There are other intermediate phenotypes that
could be targeted by this strategy for gene discovery.
Indeed, biomarkers of disease including structural
and functional imaging, and CSF studies, have been
examined in relation to susceptibility alleles.33-35 The
best studied AD intermediate phenotype is rate of
cognitive decline. We and others have reported
strong associations between APOE and cognitive
decline.36-38 Some of these studies, restricted to per-
sons without dementia, have found associations be-
tween APOE and cognitive decline, and others have
found associations with cognitive decline when there
was insufficient power to discover association to inci-
dent AD. Nonetheless, statistical concerns remain re-
garding the ability of genome scans to find
associations with change in quantitative traits.39

Clinical AD, level of cognition, and neuropatho-
logic AD are all closely related variables. Thus, anal-
yses including persons with and without AD may
capitalize on these associations and appear to repre-
sent factors related to disease risk that may not be
causal. While these analyses cannot prove causality, a
number of findings raise the possibility that APOE
influences both the accumulation of AD pathology
and risk of clinical AD. First, APOE is a well-
established risk factor for incident AD in a number
of populations separate from the cohorts used in
these analyses.1,4 Second, analyses were conducted
separately among those with and without clinical AD
and the �4 allele was related to both level of cogni-
tion and measures of neuropathology in both groups.
Third, we previously demonstrated that measures of
AD pathology mediated the association of allele sta-
tus to level of cognition and clinical AD.13 By con-
trast, the actual measures of AD pathology used in
these analyses may not directly be in the causal chain.
For example, molecularly specific antibodies might
provide additional information regarding biologic
pathways linking risk alleles to clinical disease. Some
preclinical data suggest that the known genetic vari-
ants associated with clinical AD work through soluble
oligomers of amyloid.40 Thus, the neuropathologic in-
dices used in this study may be biologic markers of the
true causal indices, and even more power might be ob-
tained in analyses of other proteins that are more caus-
ally related.

There are a number of strengths to this study.
Subjects in both cohorts had high rates of follow-up
and high autopsy rates, both of which reduce bias.
The volunteer nature of both cohorts probably
served to enrich the sample with APOE as the pres-
ence of AD in a close family member often motivated
participation. Finally, structured clinical and patho-
logic procedures and quantitative measures of AD

Neurology 72 April 28, 2009 1501



pathology with excellent metric properties for these
types of analyses were used in analyses.
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