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The apolipoprotein E (APOE) genotype is the major genetic risk factor for Alzheimer’s disease (AD). We have
access to cerebrospinal fluid (CSF) and plasma APOE protein levels from 641 individuals and genome-wide
genotyped data from 570 of these samples. The aim of this study was to test whether CSF or plasma APOE
levels could be a useful endophenotype for AD and to identify genetic variants associated with APOE levels.
We found that CSF (P 5 8.15 3 1024) but not plasma (P 5 0.071) APOE protein levels are significantly asso-
ciated with CSF Ab42 levels. We used Mendelian randomization and genetic variants as instrumental variables
to confirm that the association of CSF APOE with CSF Ab42 levels and clinical dementia rating (CDR) is not
because of a reverse causation or confounding effect. In addition the association of CSF APOE with Ab42

levels was independent of the APOE 14 genotype, suggesting that APOE levels in CSF may be a useful endo-
phenotype for AD. We performed a genome-wide association study to identify genetic variants associated
with CSF APOE levels: the APOE 14 genotype was the strongest single-genetic factor associated with CSF
APOE protein levels (P 5 6.9 3 10213). In aggregate, the Illumina chip single nucleotide polymorphisms ex-
plain 72% of the variability in CSF APOE protein levels, whereas the APOE 14 genotype alone explains 8%
of the variability. No other genetic variant reached the genome-wide significance threshold, but nine addition-
al variants exhibited a P-value <1026. Pathway mining analysis indicated that these nine additional loci are
involved in lipid metabolism (P 5 4.49 3 1029).

INTRODUCTION

The 14 allele of the apolipoprotein E (APOE) gene is the most
important genetic risk factor for late-onset Alzheimer’s
disease (AD). The two most common non-synonymous
single nucleotide polymorphisms (SNPs) in APOE are rs7412
and rs429358, which define the APOE e2 and e4 alleles,

respectively. APOE e2 has a cysteine residue at codons 112
and 158, whereas APOE e4 has an arginine residue at these
codons. APOE e3 has a cysteine at codon 112 and an arginine
at codon 158. These amino acid substitutions have been
hypothesized to change the structure and function of APOE
in the periphery while little is known about how these amino
acid changes may affect normal function of the APOE
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protein in the central nervous system. In humans, the most
common allele is APOE e3 [frequency in European-
descendent healthy elderly individuals: 0.78 (1)]. APOE e2
has been associated with a more than 50% reduction in the
risk for AD, whereas APOE e4 is associated with a 1.8–
9.9-fold increase in the risk for AD (1). The APOE alleles
combine to generate five possible genotypes listed in order
of increasing risk for AD: e2/2, e2/3, e3/3, e2/4, e3/4 and
e4/4 (2).

Several hypotheses for how APOE may affect the risk for
the development of AD have been proposed, and most have
focused on how APOE affects Ab pathology. APOE 14 car-
riers have more Ab plaques (3) and more PIB retention (4)
than APOE 14 negative individuals. Similarly, mice expres-
sing a human APOE 14 allele on the background of an AD
causing amyloid precursor protein mutation have earlier and
more severe pathology than mice expressing APOE 13 (5),
while mice expressing the human APOE 12 do not generate
fibrillar amyloid deposits (6). In vitro studies indicate that
APOE 14 binds to Ab with a higher affinity than APOE 13
(7), and that APOE and Ab may also compete for clearance
through the same receptors (8). A recent study that used in
vivo microdialysis in a mouse model of Ab-amyloidosis
expressing human APOE isoforms, demonstrated that the
APOE isoforms differentially regulate the clearance of brain
amyloid-b (9).

Most of the genome-wide genotyping chips do not include
the SNPs that define the APOE isoforms. In the genome-wide
association analyses (GWAS) for AD, the most significant
SNP is rs2075650 (10–12), which is located within
TOMM40, a gene close to APOE, shows a linkage disequilib-
rium with rs429358 (APOE 14) of R2¼ 0.4 (D′ ¼ 1). We have
reported that the APOE genotype is strongly associated with
cerebrospinal fluid (CSF) Ab42 levels (13–15), supporting
the results from animal studies that APOE influences risk for
AD through an Ab-dependent mechanism.

Given that the APOE 14 genotype plays an important role in
the neuropathology of AD as well as interest in identifying
novel biomarkers and endophenotypes for AD, APOE
protein levels have been examined as a potential biomarker
for AD in several studies yielding mixed results. APOE
protein levels have been associated with the APOE 14 geno-
type in plasma and in brain (16–22). A recent study suggested
that APOE plasma levels could be a good biomarker for AD,

because APOE protein levels are associated with AD status,
but most of this association was driven by age and APOE 14
genotype (22). Additionally, several studies have failed to
find an association between CSF APOE protein levels and
risk for AD or APOE 14 genotype, although these studies
have been performed using relatively small sample sizes
(18,20,23,24).

In this study, we used a large series of well-characterized
individuals, in whom CSF and plasma APOE levels were mea-
sured in order to test whether APOE protein levels would be a
useful endophenotype for AD. An endophenotype is a herit-
able quantitative trait that is correlated with disease but meas-
urable in all individuals regardless of disease status. Ideally
the endophenotype should have simpler genetic architecture
so that SNPs in candidate genes may directly lead to
changes in the endophenotype.

We also investigated genetic variants that may influence
APOE protein levels in CSF and plasma. Identification of
the genetic factors that are associated with APOE levels
could potentially identify novel therapeutic targets or path-
ways that would enable a greater understanding of the role
of APOE’ in the pathogenic mechanisms of AD.

RESULTS

CSF and plasma APOE levels as a potential
endophenotype for AD

No correlation between CSF and plasma APOE levels. We
first tested whether CSF and plasma APOE protein levels
are correlated using data from 641 individuals in whom
CSF and plasma APOE levels were measured in the same
assay (Table 1). There was not a strong correlation between
CSF and plasma APOE protein levels (R2¼ 0.01; P ¼
0.004, Fig. 1A), suggesting that these measures could indi-
vidually have a different potential to be an endophenotype
for AD.

CSF but not plasma APOE level is a potential endophenotype
for AD. We first tested whether gender and age were asso-
ciated with CSF and plasma APOE protein levels. CSF
APOE protein levels were positively correlated with age
(P ¼ 9.89 × 1026) and significantly higher in men compared
with women (7.3 versus 6.5 mg/ml; P ¼ 2.07 × 1024). Age

Table 1. Sample demographics

Sample Samples with biomarker level Samples with GWAS Age (years) Male (%) APOE 14+ (%)

Knight-ADRC-CSF
Controls 239 197 71+7 (53–91) 35 32
AD 92 81 74+7 (53–90) 46 42
ADNI-CSF
Controls 92 86 76+5 (62–92) 50 24
MCI 149 141 75+6 (57–89) 69 54
AD 69 65 75+6 (56–88) 56 61
Knight-ADRC brain series
Cases 82 86+7 (72–102) 45 41
Controls 39 85+9 (64–107) 41 23

For cases the age represents age at the onset and for controls the age represents age at the last assessment.
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and gender explained 3.9% of the variability in CSF APOE
levels. In contrast, gender but not age showed a significant as-
sociation with plasma APOE protein levels with men having
significantly lower levels of APOE than women (54.5 versus
56.3 mg/ml; P ¼ 0.0083).

Finally, we tested whether CSF or plasma APOE protein
levels were associated with case–control status for AD.
Plasma APOE protein levels were significantly decreased
in cases compared with controls (51.7 versus 57.1 mg/ml;
P ¼ 0.0118, Fig. 1B), but this association disappeared when
the APOE genotype was included as a covariate (P ¼ 0.421,
see next section for full analysis for association with the
APOE genotype). CSF APOE protein levels demonstrated a
trend for association with case–control status (P ¼ 0.11),
but this association disappeared when the APOE genotype
was included as a covariate (P ¼ 0.65; Fig. 1D and E).
Several studies have suggested that up to 30% of elderly non-
demented control samples show some evidence of AD path-
ology at autopsy (25,26). Additionally, individuals with CSF
Ab42 levels less than 500 pg/ml in the Knight-ADRC-CSF
cohort have evidence of Ab deposition in the brain, as
detected by PET-PIB (27). Similarly, CSF Ab42 levels less
than 192 pg/ml in the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) series can be used as a proxy for brain Ab de-
position (28). Individuals with CSF Ab42 levels below these
thresholds could be classified as preclinical AD cases with
the presumption that some evidence of fibrillar Ab brain
deposits would be detected (27,28). When these thresholds

were used to classify samples into individuals with and
without Ab deposits in the brain we observed a different
result. We found a very significant difference in plasma
APOE protein levels between individuals with low and high
CSF Ab42 (low versus high ¼ 59.99 versus 51.45 mg/ml;
P ¼ 8.39 × 1027, including gender as covariate). However,
when the APOE genotype was included as a covariate the
difference in plasma APOE levels was no longer significant
(P ¼ 0.071, Fig. 1C), indicating that the association was
driven by the APOE genotype. On the other hand, individuals
with lower CSF Ab42 levels that could also potentially have
fibrillar Ab deposits in the brain also had APOE levels that
were significantly reduced (6.55 versus 7.38 mg/ml; P ¼
7.90 × 1029, including age and gender as covariates;
Table 2 and Fig. 2E), that remained significant even when
the APOE genotype was included as a covariate (P ¼ 8.15 ×
1024, Fig. 1E).

To confirm that the difference in CSF APOE protein levels
in individuals with and without potential fibrillar Ab brain
deposits (measured as CSF Ab42 as a proxy) is not driven
by the APOE genotype, we stratified the samples by the
APOE genotype (Fig. 1G). This analysis is less statistically
powerful because each of the within genotype comparison
groups is much smaller in size. Despite the decrease in statis-
tical power, we found that CSF APOE levels are significantly
lower in APOE 33 individuals with low CSF Ab42 levels com-
pared with APOE 33s with high Ab42 levels (P ¼ 0.003;
Table 2). A similar trend was found in APOE 23 and 24

Figure 1. Correlation of CSF and plasma levels. CSF APOE levels are significantly lower in individuals with low CSF Ab42 levels. CSF and plasma levels of
APOE were measured on 641 samples from the Knight-ADRC and ADNI using the rules based medicine human discovery MAP panel version 1. (A) CSF and
plasma APOE levels show very low correlation (R2¼ 0.01). Plasma (B) and CSF (D) APOE levels in clinically defined cases and controls. CSF Ab42 was used to
define individuals with likely Ab brain deposition (cases or presymptomatic cases) and individuals without Ab brain deposition (controls). Plasma (C) and CSF
(E) APOE levels in individuals with low or high CSF Ab42 levels. The P-value is for the association of plasma/CSF APOE levels without including APOE
genotype as a covariate. The P-value in parenthesis was calculated including the APOE genotype as a covariate. (F) CSF APOE levels in cases and controls
stratified by the APOE genotype. No significant differences were found between cases and controls in any strata. (G) CSF APOE levels in individuals with
high and low CSF Ab42 levels stratified by the APOE genotype.
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individuals, but not in 34 and 44 individuals. It is important to
note that these individuals (with APOE 34 and 44 genotypes)
already have lower CSF APOE levels. No difference was
found in the plasma APOE levels in any APOE genotype
group (Table 2).

APOE genotype and APOE levels influence Ab42levels
in CSF/plasma

CSF Ab42 and APOE levels are strongly correlated. CSF Ab42

has emerged as one of the most promising biomarkers for AD
(25–27). Since CSF Ab42 can be used as a proxy for PIB re-
tention (24,26) and is correlated with plaque number in the
brain (29), we investigated whether CSF or plasma APOE
protein levels are associated with CSF Ab42 levels.

We found a very significant positive correlation between
plasma APOE protein levels and CSF Ab42 levels (P ¼
2.63 × 1027), but this association was driven by the APOE
genotype. When the APOE genotype was included as a cov-
ariate, the P-value for the association of plasma APOE protein
levels with CSF Ab42 levels was 0.13. In contrast, CSF APOE
protein levels demonstrated a much stronger association
with CSF Ab42 (P ¼ 3.11 × 10214; Supplementary Material,
Fig. S1), which was significant even when the APOE genotype
was included as a covariate (P ¼ 2.84 × 1028). To confirm
that CSF APOE protein levels and Ab42 are correlated inde-
pendently of the APOE genotype, we stratified the samples
by the APOE genotype and reanalyzed the data (Supplemen-
tary Material, Fig. S1). Within APOE 33 individuals CSF
APOE protein levels and Ab42 showed a strong correlation
(P ¼ 3.28 × 1025). A nominally significant association was
found in the 23 and 24 strata (P ¼ 0.03, and 0.04, respective-
ly). Previously, we reported that the APOE genotype is strong-
ly associated with CSF Ab42 (13–15). A model including age,
gender and APOE genotype explains 14% of the variability in
CSF Ab42. A model including also CSF APOE protein levels,
explains 18.5% of the variability in CSF Ab42 measurements,
indicating that APOE protein levels can explain additional
variability in CSF Ab42 levels independent of the APOE
genotype.

Mendelian randomization

We use Mendelian randomization to try to determine whether
CSF APOE levels are actually in the causal pathway for AD.
Since changes in Ab42 levels have been causally linked to
disease in Mendelian forms of AD, we first tested whether
APOE levels are causally linked to CSF Ab42 levels. Mendel-
ian randomization refers to the random assortment of alleles
inherited by offspring from their parents at conception
(30,31). This random assortment of inherited alleles has
been likened to a randomized clinical trial, in which the re-
search subjects are randomly allocated to different genotypes
rather than to medical interventions (30). According to Men-
delian randomization, genetic variants associated with CSF
APOE levels are randomly transmitted to the offspring and
largely free from reverse causation and confounding. There-
fore, we used the SNPs most significantly associated with
CSF APOE levels (see section Genome-wide association ana-
lysis) and a genetic risk score (see section Materials andT
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Methods) as instrumental variables. Age, gender, series and
clinical dementia rating (CDR) were included as covariates
or endogenous predictors (Fig. 3). The F-statistics value indi-
cates that the APOE genotype, rs2075650, the genetic risk
score were appropriate instrumental variables (F ¼ 20.41,
12.69 and 16.68 in the first-stage regression, respectively).
The strong positive association between CSF APOE and
Ab42 levels in the general linear model analyses (b ¼ 0.33,
R2¼ 0.096, P ¼ 3.11 × 10214) was confirmed using 2SLS
(b ¼ 1.82, R2¼ 0.073,
P ¼ 5.00 × 1029) with the APOE genotype as the instru-
mental variable. Similar results were obtained with limited in-
formation maximum likelihood (LIML) methods (b ¼ 0.99,
R2¼ 0.11, P ¼ 2.63 × 10211). Similar results and conclusions
were obtained when using rs2075650 or the genetic risk score
as instrumental variables (P ¼ 4.58 × 1024 and 2.85 × 1027,
respectively).

Finally, we analyzed whether APOE levels are in the casual
pathway of AD by using CDR or clinical status at lumbar
puncture (LP) as the dependent variable. A significant associ-
ation was found for CSF APOE levels and CDR when
using the APOE genotype (P ¼ 3.06 × 1025), rs2075650
(P ¼ 0.006), or the genetic risk score (P ¼ 0.0284) as instru-
mental variables. Significant associations were found when
using case–control status as the dependent variable. Initially,
we used CSF Ab42 levels as a proxy for Ab42 deposition
(preclinical and clinical AD). Several studies have reported
a high correlation between low CSF Ab42 and PET-PIB
positive signals (27,28), and non-demented individuals with
low CSF Ab42 are also more likely to convert to AD cases
(27,28). Therefore we repeated the Mendelian Randomization
analysis using CDR at last assessment instead of CDR at LP.
In these analyses, we found a more significant association

between CSF APOE levels and last CDR than when using
CDR at LP. A significant association was found for CSF
APOE levels and CDR when using the APOE genotype
(P ¼ 2.06 × 1026), rs2075650
(P ¼ 0.0013) or the genetic risk score (P ¼ 0.0063) as instru-
mental variables. To take into account the potential pleiotropic
effect of APOE genotypes, we created a genetic score without
the SNP in APOE. In this case, the association of CSF APOE
genotype and CDR was weaker than previous analysis, but still
significant (P ¼ 0.0361).

The results of the instrumental variable analysis provide
support for a non-confounded and unbiased association
between CSF APOE levels and CSF Ab42 levels, CDR and
case–control status. This approach is analogous to methods
used in randomized clinical trials to infer an unbiased effect
on treatment. Together, these results clearly suggest that
CSF APOE protein levels are a potential endophenotype for
AD and are much more closely linked to AD pathology than
plasma APOE protein levels.

Genetic variants associated with CSF APOE protein levels

APOE genotype influences CSF and plasma APOE levels but
not APOE mRNA levels. To determine whether the APOE
genotype is associated with CSF and plasma APOE protein
levels, we used an additive model, coding APOE genotype
into five levels according to genetic risk (APOE 122 ¼ 0,
123 ¼ 1, 133 ¼ 2, 124 ¼ 3, 134 ¼ 4, 144 ¼ 5). The APOE
genotype showed a very strong association with plasma
(P ¼ 4.4 × 10233; Fig. 2A) and CSF (P ¼ 6.9 × 10213;
Fig. 2B) APOE protein levels. Individuals with APOE geno-
types associated with a higher risk for disease (34 and 44)
exhibit a dose-dependent lowering of CSF and plasma

Figure 2. The APOE genotype influences plasma and CSF APOE levels. (A) The APOE genotype shows a strong association with plasma APOE levels and
explains 24% of the variability in plasma APOE levels. Gender was included as a covariate in the analysis. (B) The APOE genotype shows a strong association
with CSF APOE levels and explains 12% of the variability in CSF APOE levels. Age and gender were included in the analysis as covariates. (C) The APOE
genotype is strongly associated with CSF APOE levels in clinically defined cases. (D) The APOE genotype is strongly associated with CSF APOE levels in
clinically defined controls. (E) The APOE genotype is strongly associated with CSF APOE levels in individuals with low CSF Ab42 levels. (F) The APOE
genotype is strongly associated with CSF APOE levels in individuals with high CSF Ab42 levels.
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APOE protein levels. This association was independent of the
case–control status, and the presence of Ab deposition in the
brain (Fig. 2). A model for CSF APOE protein levels including
age (P ¼ 3.51 × 1025), CSF Ab42 (P ¼ 2.65 × 1026) and
APOE genotype (P ¼ 6.9 × 10213), explained 12% of the
variability in CSF APOE protein levels. The APOE genotype
alone accounts for 8.2% of the variability in CSF APOE
protein levels. The fact that all of the variables in the model
were significantly associated with CSF APOE protein levels
indicates that age, Ab brain pathology and APOE genotype
may influence CSF APOE levels independently. Independent
of the status for Ab brain pathology as defined by CSF
Ab42 levels, we found the APOE genotype to be associated
with CSF APOE protein levels (Fig. 2E and F). To determine
whether the association between APOE genotype and CSF
APOE protein levels is driven by isoform differences in
APOE transcription, we measured APOE mRNA levels in par-
ietal lobe tissue from 121 individuals. Age, gender, post-
mortem interval and CDR were included as covariates. No
association between APOE genotype and APOE mRNA
levels were observed (R2¼ 0.05; P ¼ 0.28). We also stratified
our samples by case–control status, and found no association
between APOE genotype and APOE mRNA levels in the par-
ietal cortex from either cases or controls (Supplementary Ma-
terial, Fig. S2). A model for plasma APOE protein levels
including gender, CSF Ab42 and APOE genotype (P ¼
4.4 × 10233) explained 24% of the variability in plasma
APOE protein levels. The APOE genotype alone explains
17.7% of the variability in plasma APOE levels.

Fine mapping APOE gene region. Our previous results clearly
indicated that the APOE genotype is significantly associated
(passing genome-wide correction) with CSF and plasma
APOE protein levels. However, age, CSF Ab42 levels and
APOE genotype only explain 12% of the variability in CSF
APOE protein levels; suggesting that other factors, including
cis-acting genetic variants may also influence APOE protein
levels. Recent studies have suggested that other variants in
the APOE-TOMM40 region may also be associated with risk
or age of AD onset, although these latter findings are contro-
versial (32,33).

We extracted genotype data for the TOMM40-APOE
genomic region from the imputed GWAS data and tested for
an association using three different models: the first model
included only age, and gender as covariates, a second model
included the APOE genotype as a covariate, and the final
model analyzed only individuals who are APOE 133. It is

important to note that in the first model, the individual SNPs
that define either the presence of the APOE4 allele or the pres-
ence of the APOE2 allele (rs429358 and rs7412) are not
present because they are not in the Illumina chip and they
did not pass the imputation quality control (QC). For the
first model, the top SNPs rs769449, rs2075650 showed a
very significant association (P ¼ 9.58 × 1027 and 1.67 ×
1026), but less significant than the full APOE genotype (P ¼
6.9 × 10213). When the APOE genotype was included as a
covariate these SNPs no longer show a significant association
with CSF APOE levels (P . 0.3). In addition, neither these
SNPs nor any other SNPs in this region demonstrated an asso-
ciation with CSF APOE protein levels in APOE 133 subjects
(data not shown). These results suggest that the APOE geno-
type accounts for the majority of the genetic association
with CSF APOE protein levels in this gene region. We also
analyzed whether the TOMM40 poly-T repeat (rs10524523)
showed association with CSF APOE protein levels. We
found no association of rs10524523 with CSF APOE protein
levels when age, gender and APOE genotype were included
as covariates in the full data set (P ¼ 0.85) or in the
APOE33 carriers (P ¼ 0.75).

Genome-wide association analysis. Next, to test whether there
is evidence for trans-acting SNPs that may influence CSF or
plasma APOE protein levels, we performed genome-wide as-
sociation analyses using data from 570 individuals from the
Knight-ADRC and ADNI cohorts

For CSF APOE protein levels, none of the tested SNPs, even
in the APOE-TOMM40 region, showed genome-wide signifi-
cant association (Fig. 4A). The SNPs that tag APOE 14 (e.g.
rs769449) showed a P-value of 9.58 × 1027. However, as
explained above, we have shown that the APOE genotype, deter-
mined by two SNPs, is genome-wide significant in this data set
(P ¼ 6.9 × 10213, Fig. 2B). SNPs in five different chromosomal
regions showed a more significant or similar association than
the SNPs on the GWAS chip that tag APOE 14. Another
four chromosomal regions were suggestive of an association
(P , 1 × 1026) with CSF APOE protein levels (Table 3). The
fact that there are nine loci showing a similar P-value to
rs2075650 (APOE), which we know is tagging a real signal,
and that two of those signals are located in genes with similar
function (PNPLA5 and PLA2G4E are both phospholipases)
may indicate that the association of some of these SNPs are
not a type I error.

To confirm whether other SNPs contribute to the phenotypic
variance in CSF APOE protein levels, we used genomic-

Figure 3. Mendelian randomization: graphical illustration of the structural model.
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partitioning analysis (34) to estimate the proportion of pheno-
typic variance explained by genome-wide SNPs. Our analyses
indicate that 49.7% of the total variability of CSF APOE
protein levels can be explained by genetic factors. Our previ-
ous analyses indicate that CSF APOE protein levels are
strongly associated with age and gender. When CSF APOE
protein levels were corrected by age, gender and principal
component factors, the genome-wide SNPs explain 72% of
the remaining variability in CSF APOE levels. When SNPs
located in the APOE region with a P , 1 × 1025 were
removed, the remaining genome-wide SNPs explain 64% of
the variability in APOE protein levels. Similarly, when the
APOE genotype was included as a covariate the rest of the
SNPs explain 63% of the variability in CSF APOE levels.
This indicates that the APOE locus explains between 8 and
9% of the CSF APOE levels. This value is very close to the
amount of variability explained by the APOE genotype calcu-
lated above (8.2%, see section APOE genotype influences CSF
and plasma APOE levels but not APOE mRNA levels). In add-
ition, our analysis indicates that the SNPs with a P-value ,
1 × 1026 explain an additional 10.52% of the variability in
CSF APOE levels, which is higher than the APOE genotype
(8.2%). Finally, we performed a pathway analysis of the top
hits (Table 3) discarding the SNPs located in the APOE
gene region. We used the SNP function portal to perform
gene set enrichment analysis (GSEA). Interestingly, the most
significant GSEA node was ‘cellular lipid metabolism’ (P ¼
4.49 × 1029; Supplementary Material, Table S1). These

results strongly suggest that some of these SNPs may consti-
tute a real signal for CSF APOE levels. However, our study
is underpowered to identify such variants at genome-wide sig-
nificant levels.

For plasma APOE protein levels only rs2075650, passed the
genome-wide significant threshold (P ¼ 1.91 × 10217, Sup-
plementary Material, Fig. S3). As in the case of CSF APOE
levels, the full APOE genotype showed a much more signifi-
cant association with a P-value of 4.4 × 10233. None of the
SNPs with a P , 1 × 1024 was in common between the
GWAS for plasma and CSF APOE protein levels, suggesting
that APOE production and regulation in plasma and CSF
may be different and that genetic variants has different
effect in this different tissues.

DISCUSSION

To our knowledge, this is the largest study to examine CSF
APOE protein levels in a human population and to determine
what role APOE genotype has on influencing these levels. In
total, we had access to CSF and plasma APOE protein
levels from 641 individuals and genome-wide genotype data
from 570 of these samples.

There are several important points that should be high-
lighted regarding the potential of CSF APOE protein levels
as a relevant endophenotype for AD. First there is a very
low correlation between plasma and CSF protein APOE

Figure 4. The Manhattan plot and the Q–Q plot for the GWAS for CSF APOE levels. (A) Within each chromosome, shown on the x-axis, the results are plotted
left to right from the p-terminal end. Horizontal dashed lines indicate P-value thresholds of 1 × 10– 5 and 5 × 10– 8 (genome-wide significance). (B) Quantile–
quantile (Q–Q) plot. No evidence of systematic inflation of P-values was found (l ¼ 1.007). The plots compare additive model statistics to those expected under
the null distribution using fixed-effects for all analyzed imputed SNPs passing quality control criteria in the studies.

4564 Human Molecular Genetics, 2012, Vol. 21, No. 20

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds296/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds296/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds296/-/DC1


Table 3. GWAS top hits for CSF APOE levels

CHR SNP P-value MAF Gene Location Imputed/genotyped

22 rs138097 1.68E 2 07 0.29 SULT4A1 Intron Imp.
22 rs138062 2.34E 2 07 0.29 SULT4A1 Intron Imp.
22 rs138079 8.60E 2 07 0.15 SULT4A1 Intron Imp.
22 rs138087 8.60E 2 07 0.15 SULT4A1 Intron Imp.
22 rs80628 8.60E 2 07 0.15 SULT4A1 Intron Imp.
22 rs80637 8.60E 2 07 0.15 SULT4A1 Intron Imp.
22 rs470088 8.60E 2 07 0.15 SULT4A1 Intron Imp.
22 rs138064 1.25E 2 06 0.14 SULT4A1 Intron Imp.
22 rs138069 1.25E 2 06 0.15 SULT4A1 Intron Imp.
22 rs129655 1.38E 2 06 0.15 5’ PNPLA5 Imp.
22 rs470093 1.64E 2 06 0.15 PNPLA5 utr-3 1.67E 2 06
22 rs138084 1.70E 2 06 0.15 SULT4A1 Intron Imp.
22 rs5764317 2.22E 2 06 0.14 5’ SULT4A1 Imp.
22 rs138053 2.22E 2 06 0.14 5’ SULT4A1 Imp.
22 rs138086 2.28E 2 06 0.15 SULT4A1 Intron Imp.
22 rs80627 2.28E 2 06 0.27 SULT4A1 Intron Imp.
22 rs138127 2.39E 2 06 0.15 5’ PNPLA5 Imp.
22 rs138105 4.90E 2 06 0.27 SULT4A1 Intron Imp.
22 rs138125 5.72E 2 06 0.16 5’ PNPLA5 Imp.
22 rs138119 9.05E 2 06 0.16 5’ PNPLA5 Imp.
19 rs769449 9.58E 2 07 0.19 APOE Intron Imp.
19 rs2075650 1.67E 2 06 0.21 TOMM40 Intron 1.71E 2 06
19 rs34342646 3.02E 2 06 0.19 PVRL2 Intron Imp.
19 rs12972970 3.24E 2 06 0.19 PVRL2 Intron Imp.
19 rs71352238 4.82E 2 06 0.20 5’ TOMM40 Imp.
19 rs12972156 4.95E 2 06 0.19 PVRL2 Intron Imp.
19 rs34404554 5.44E 2 06 0.21 TOMM40 Intron Imp.
19 rs11556505 5.72E 2 06 0.21 TOMM40 Synonymous Imp.
3 rs6441306 1.22E 2 06 0.44 5’ IFT80 Imp.
11 rs1793382 1.28E 2 06 0.38 Gene desert 1.06E 2 06
11 rs1690600 1.62E 2 06 0.38 Gene desert Imp.
2 rs12470837 1.37E 2 06 0.17 3’ MGC50273 Imp.
2 rs12469076 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs9711604 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs12473669 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs10928155 2.20E 2 06 0.17 3’ MGC50273 2.23E 2 06
2 2:132588372 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 2:132586866 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs4558626 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs2314388 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs6709732 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs6740860 2.20E 2 06 0.17 3’ MGC50273 Imp.
2 rs6709893 2.20E 2 06 0.17 3’ MGC50273 Imp.
4 rs283411 5.07E 2 06 0.07 ADH1C Intron Imp.
4 rs283404 6.86E 2 06 0.07 3’ ADH1C Imp.
4 rs166892 6.86E 2 06 0.07 3’ ADH1C Imp.
4 rs1229852 6.86E 2 06 0.07 3’ ADH1C Imp.
4 rs283422 6.86E 2 06 0.07 3’ ADH1C Imp.
4 rs283421 6.86E 2 06 0.07 3’ ADH1C Imp.
4 rs283420 6.86E 2 06 0.07 3’ ADH1C Imp.
4 rs72681907 7.04E 2 06 0.07 3’ ADH1C Imp.
4 rs283418 7.42E 2 06 0.07 3’ ADH1C Imp.
4 rs284780 8.36E 2 06 0.08 3’ ADH1C Imp.
15 rs12232304 7.50E 2 06 0.07 PLA2G4E Intron 4.39E 2 06
10 rs947690 8.62E 2 06 0.25 5’ RET Imp.
10 rs3004258 8.94E 2 06 0.25 5’ RET Imp.
10 rs1547930 9.43E 2 06 0.25 5’ RET Imp.
7 rs73310519 8.86E 2 06 0.10 PDE1C Intron Imp.
7 rs9942607 9.39E 2 06 0.48 3’ FZD1 Imp.
7 rs10252817 9.39E 2 06 0.48 3’ FZD1 9.42E 2 06
7 rs9942608 9.39E 2 06 0.48 3’ FZD1 Imp.
12 rs2101238 9.56E 2 06 0.21 NOS1 Intron Imp.

The table shows the chromosome (chr.) and rs. number, the P-value, minor allele frequency (MAF), gene, SNP location respect to the gene and whether the SNPs
was imputed or directly genotyped for the most significant hits in the CSF APOE GWAS analysis. If the SNP was directly genotyped, the P-value for the direct
genotype is shown.
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levels (Fig. 1A) confirming the previous assumption that
APOE synthesized in the periphery does not cross the
blood–brain barrier to any large degree (35). There is great
interest in identifying novel biomarkers for AD, and a lot of
effort has been expended on the identification of plasma bio-
markers because plasma is easier to obtain than CSF
(14,22). Previous studies suggest that plasma APOE may be
a potential biomarker for AD (22). In those studies, plasma
APOE protein levels were found to be lower in AD cases com-
pared with controls, but most of this association was driven by
the APOE genotype. Additionally, a weak association between
plasma APOE protein levels and amyloid in the brain as deter-
mined by a positive PIB signal (P ¼ 0.016) was observed. In
our study, we found similar results; the plasma APOE levels
tend to be lower in individuals with AD (P ¼ 0.018, and
P ¼ 0.421, without and with the APOE genotype as a covari-
ate, Fig. 1B) and in individuals with fibrillar Ab deposition
(P ¼ 8.39 × 1027, and P ¼ 0.071, without and with the
APOE genotype as a covariate, Fig. 1C). Plasma APOE
levels also showed a trend to be correlated with CSF Ab42

levels (P ¼ 2.63 × 1027, and 0.13, without and with the
APOE genotype as a covariate). However, we found that the
CSF APOE levels showed a much stronger association with fi-
brillar Ab brain deposition (P ¼ 7.9 × 1029, and P ¼ 8.15 ×
1024, without and with the APOE genotype as a covariate,
Fig. 1E) and more significant correlation with CSF Ab42

levels (P ¼ 3.11 × 10214 and P ¼ 2.84 × 1028, without and
with the APOE genotype as a covariate), than plasma APOE
levels, even when the APOE genotype was included as a cov-
ariate. These results suggest that CSF APOE protein levels are
more powerful than plasma levels as a potential endopheno-
type for AD.

CSF Ab42 levels are a well-established biomarker for AD
and several reports have demonstrated a reduction in CSF
Ab42 levels are significantly correlated to AD. Moreover,
the changes in CSF Ab42 levels, can be used to predict
disease progression, progression rate and are also correlated
with the presence of amyloid in the brain as determined by
PIB binding (27,36–38). The identification of factors modify-
ing CSF Ab42 levels could facilitate a greater understanding of
the pathogenic mechanisms involved in AD and potentially
identify new therapeutic targets/pathways. We, and others
have reported that the APOE genotype is the main genetic
factor associated with CSF Ab42 levels (13,15). In this
study, we demonstrate that APOE levels are associated with
CSF Ab42 levels independently of the APOE genotype and
when both the genotype and protein levels are included in
the same model, the additional variability in the CSF Ab42

levels is explained. In our analysis an additional 4% of the
variability in CSF Ab42 levels is explained by the APOE
protein levels. We also used Mendelian randomization to
analyze whether CSF APOE levels are actually in the causal
pathway for AD. We used the most significant SNPs for
CSF APOE levels and a genetic score as instrumental vari-
ables. Examination of F-statistics from the first-stage regres-
sions to evaluate the strength of the instruments [all
F-statistics were greater than 10 (range 10.37–18.39)] indi-
cated sufficient strength to ensure the validity of instrumental
variable methods in these data. Although these results suggest

that CSF APOE levels are part of the causal pathway for AD,
our analyses do not preclude potential that APOE 12,3,4 geno-
type exhibits pleiotropic effects on both CSF APOE levels and
AD status. To avoid this problem, we created a genetic score
without the SNPs in the APOE region to use it as instrumental
variable. In this analysis, we also found a significant associ-
ation between CSF APOE levels and CDR. The results of
the instrumental variable analysis provide a non-confounded
and unbiased association between CSF APOE levels and
CSF Ab42 levels, CDR and case–control status. In all the
trials, we found a strong association and correlation of CSF
APOE with CSF Ab42 levels confirming that this association
is not a reverse causation or confounding effect, supporting
the hypothesis that APOE protein levels affect the risk for
AD by affecting Ab pathology. These results suggest that
CSF APOE protein levels could be a useful endophenotype
for AD, and that by identifying the genetic factors that
modify APOE protein levels, it may be possible to influence,
indirectly, the Ab42 pathology and the risk for AD.

Although CSF and plasma APOE levels show a low correl-
ation (R2¼ 0.01), in both cases the APOE genotype is strongly
associated with APOE protein levels (Fig. 1), and this associ-
ation is stronger in the plasma. In fact a large portion of the
variability in plasma APOE is explained by the APOE geno-
type (R2¼ 0.177). The association of the APOE genotype
with APOE protein levels may be driven by the fact the
APOE isoforms show different affinities for the LDL receptor.
There are several reports supporting this hypothesis. It has
been reported that APOE4 and APOE3 readily bind to the low-
density lipoprotein receptor, whereas APOE2 binds poorly to
the LDL receptor (39–41). This hypothesis also would
explain why we found a strong association of the APOE geno-
type with protein levels but not with gene expression. In add-
ition, since APOE receptors are highly expressed in the brain
and the liver, this could explain why the APOE genotype is
strongly associated with CSF and plasma levels, but not
with gene expression.

This is the first time that the APOE genotype has been
reported to be associated with CSF APOE protein levels
(P ¼ 6.9 × 10213; Fig. 1). There are several studies in which
the association of the APOE genotype with APOE plasma
levels has been consistently reported (16–21). In contrast, pre-
vious studies found no association between APOE genotype
and CSF APOE levels including a report from our group
(14,16,18,19). One of the reasons for this lack of association
may be the smaller sample size used in those studies.
Another possible explanation is that the earlier studies used
different antibodies to quantify the APOE protein levels. We
had access to APOE protein levels measured in the same indi-
viduals by ELISA [reported by Wahrle et al. (24)] and by the
rules based medicine (RBM) assay used in this study (n ¼ 22).
We found a very low correlation between the APOE protein
levels measured using these different assays (R2¼ 0.09). To
determine which method more accurately measures the
APOE protein levels, we used mass-spectrometry to quantify
APOE in the same samples. We found a strong correlation
between the mass-spectrometry and RBM data (R2¼ 0.79;
n ¼ 27), but not with the mass-spectrometry and the ELISA
data (R2¼ 0.22; n ¼ 55). These results indicate that the
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RBM assay more accurately reflects the APOE protein levels
and explains why we did not find the association of the
APOE genotype with protein levels in our previous study. It
also highlights the importance of validating the assays using
independent methods.

From a genetic point of view, the most interesting finding
was that the APOE genotype shows a genome-wide significant
association with CSF APOE protein levels (P ¼ 6.9 × 10213;
Fig. 1), but single-SNP analysis using SNPs on the GWAS
chip detected a much weaker association in this region (P ¼
9.58 × 1027; Fig. 3 and Table 3). This result indicates that
the two SNPs that encode the APOE genotype capture more
genetic information than the single SNPs. Similar effects
could be happening in other regions of the genome and
could explain part of the missing heritability in AD. Finally,
in our genome-wide analysis, we found several other SNPs
(Table 3) that could represent real signals, but did not reach
genome-wide significance. Our genome partitioning analysis
indicates that a large proportion (72%) of the variability in
CSF APOE levels is explained by SNPs other than the
APOE genotype. Specifically the SNPs (nine different loci)
that showed a P-value , 1 × 1026 explain 10% of the vari-
ability of CSF APOE. In addition our pathway analysis indi-
cates that these loci are involved in lipid metabolism
(Supplementary Material, Table S1). Specifically PNPLA5,
ADH1C and NOS1 have been shown to be involved in lipid
metabolism regulation (42) or genetic variants in these genes
are associated with the risk for cardiovascular disease (43)
or stroke (44). All of these results strongly suggest that
some of these signals are real. However, it will be necessary
to perform genetic analyses in a larger series of samples
with CSF APOE levels and GWAS data, or alternatively to
perform in vitro experiments to determine whether the candi-
date genes identified in this study alter APOE levels.

In summary, we demonstrate that CSF APOE protein levels,
but not plasma APOE levels, are associated with lower CSF
Ab42 levels, independent of the APOE genotype, suggesting
that CSF APOE levels may be a useful endophenotype for
studies of AD. Furthermore, our genetic studies show that
APOE genotype explains only a small proportion of the
genetic variance in CSF levels and identifies some promising
candidate genes that may also influence CSF APOE levels.

MATERIALS AND METHODS

Subjects

Association with CSF and plasma APOE levels was tested in a
series of 331 samples from the Knight-ADRC and 310
samples from ADNI (see ADNI materials and methods).
APOE protein levels were determined using Rules Based
Medicine (Human Discovery MAP, v1.0). For the Knight-
ADRC samples CSF and plasma were collected as described
previously (27,36,45). Cases received a diagnosis of dementia
of the Alzheimer’s type, using criteria equivalent to the Na-
tional Institute of Neurological and Communication Disorders
and Stroke-Alzheimer’s Disease and Related Disorders Asso-
ciation for probable AD (46,47). Controls received the same
assessment as the cases but were non-demented. All

individuals were of European descent and written consent
was obtained from all participants.

Expression studies were carried out using cDNA obtained
from tissue samples that represented the parietal lobe from
82 AD cases and 39 cognitively normal individuals (CDR ¼
0) obtained through the Knight-ADRC Neuropathology
Core. A summary of the demographics of all subjects is
shown in Table 1.

Genotyping

Rs7412 and rs429358 which define the APOE e2/e3/e4 iso-
forms were genotyped using Taqman genotyping technology,
as previously described (13,33,48–52). The poly-T repeat
located in intron 6 of TOMM40 was genotyped as previously
described (33). In each plate, we also included positive con-
trols representative of each genotype and several samples
were included on different plates and on different days to
confirm genotype. The genotyping success rate was .98%
with a reproducibility rate that was greater than 99%.

For 278 Knight-ADRC samples, we had access to genome-
wide genotype data. These samples were genotyped with the
Illumina 610 or the Omniexpress chip. The ADNI samples
(n ¼ 292) were genotyped with the Illumina 610 chip. Prior
to association analysis, all samples and genotypes underwent
stringent QC. Genotype data were cleaned by applying a
minimum call rate for SNPs (98%) and individuals (98%)
and minimum minor allele frequencies (MAF) (0.02). SNPs
not in the Hardy–Weinberg equilibrium (P , 1 × 1026)
were excluded. For the Knight-ADRC samples, which were
genotyped on two chips, genotype and sample quality thresh-
olds were applied within the subset of the individuals geno-
typed on each chip.

We tested for unanticipated duplicates and cryptic related-
ness using pairwise genome-wide estimates of proportion
identity-by-descent. When a pair of identical samples or a
pair of samples with cryptic relatedness was identified, the
sample from the Knight-ADRC or samples with a higher
number of SNPs passing QC were prioritized. Eigenstrat
(53) was used to calculate principal component factors for
each sample and confirm the ethnicity of the samples.

Imputation

The 1000 genome data (June 2011 release) and the Beagle
software were used to impute up to 6 million SNPs. SNPs
with a Beagle R2 of 0.3 or lower, an MAF lower than 0.05,
out of the Hardy–Weinberg equilibrium (P , 1 × 1026), a
call rate lower than 95% or a Gprobs score lower than 0.90
were removed. A total of 5 815 690 SNPs passed the QC
process.

Gene expression

Quantification of gene expression was done by real-time PCR
as previously described (13).

Total RNA was extracted from a tissue sample representing
the parietal lobe of 82 AD cases and 39 non-demented indivi-
duals, using the RNeasy mini kit (Qiagen) following the
manufacturer’s protocol. cDNA was prepared from total
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RNA, using the High-Capacity cDNA Archive kit (ABI). Gene
expression was analyzed by real-time PCR, using an
ABI-7500 real-time PCR system. TaqMan assays were used
to quantify TOMM40 [Hs01587378_mh, exon boundary 4–5
(NM-001128916.1 )] and APOE [Hs00171168_m1, exon
boundary 3–4 (NM_000041.2)] mRNA levels. Primers and
TaqMan probe for the reference gene, GAPDH, were designed
over exon–exon boundaries, using Primer Express software,
Version 3 (ABI) (sequences available on request). Cyclophilin
A (ABI: 4326316E) was also used as the reference gene. Each
real-time PCR run included within-plate duplicates and each
experiment was performed, at least twice for each sample.
Real-time data were analyzed using the comparative Ct
method. The Ct values for each sample were normalized
with the Ct value for the housekeeping genes, GADPH and
cyclophilin, and were corrected for the PCR efficiency of
each assay (54), although the efficiency of all reactions was
close to 100%. Only samples with a standard error of
,0.15% were analyzed. We calculated the mean between the
gene expression normalized with GADPH and cyclophilin.
TOMM40 expression normalized by GADPH and cyclophilin
showed a correlation coefficient of 0.77 (P¼ 4.20 × 10222),
whereas APOE expression normalized by GADPH and cyclophi-
lin showed a correlation coefficient of 0.62 (P ¼ 2.71 × 10212).

Statistical analyses

Association tests between APOE genotype and CSF and plasma
APOE protein levels and APOE mRNA expression were per-
formed using SAS v9.2 and PLINK. For the statistical analyses,
the APOE genotype was re-coded as follows e2/2 ¼ 0, e2/3 ¼ 1,
e3/3 ¼ 2, e2/4¼ 3, e3/4 ¼ 4 and e4/4¼ 5.

Association with gene expression

APOE mRNA expression values were log transformed to ap-
proximate a normal distribution. Analysis of the covariance
(ANCOVA) was used to test for association between APOE
genotype and gene expression levels. Stepwise regression ana-
lysis was used to determine the significant covariates (age,
gender, postmortem interval, APOE genotype and CDR).

Association with CSF and plasma APOE levels

Association with CSF and plasma APOE levels was performed
as previously reported (13,15,33,50,51,55). Briefly, plasma
and CSF APOE protein levels were transformed to approxi-
mate a normal distribution. Stepwise regression analysis was
used to determine the significant covariates for each tissue
and series. Age and gender showed a significant association
with CSF APOE protein values and were included in the
model. Gender but not age showed a significant association
with plasma APOE protein values and was included in the
model. The residuals for each series resulting after correction
by the covariates were then analyzed together. No significant
differences in the residuals from the different series were
found, indicating that the differences in the CSF APOE
protein levels due to the use of different platforms were cor-
rected by using the residuals. The normalized CSF and
plasma APOE values were tested for association using an

additive model in PLINK, including age, gender and principal
component factors as covariates. The genomic inflation factor
for the GWAS was 1, indicating that there is no inflation of the
P-values due to population stratification or a non-normal dis-
tribution of the trait.

Mendelian randomization

Mendelian randomization is a form of instrumental variable
analysis in which genotypes, which can be assumed to be in-
dependent of environmental exposures, are used as the instru-
mental variables. The current system is an ideal case for the
application of Mendelian randomization as APOE e2,3,4
genotype is strongly and reliably associated with CSF APOE
levels, but completely independent of factors that may con-
found the relationship between CSF APOE levels and both
CSF Ab levels and clinical status.

We used instrumental variable methods to obtain estimates
of the causal (non-confounded and unbiased) association
between CSF APOE levels and CSF Ab42 levels, CDR and
case–control status. We initially used CDR at lumbar puncture
for the analysis. As CSF Ab42 levels were used as a proxy for
Ab deposition, and presyntomatic individuals, we also used
CDR at the last assessment. For the ADNI samples, the
CDR at the last assessment was taken 36 months after the
LP. The average follow-up time for the Knight-ADRC
samples was 3.2 years (13).

We used as instrument the APOE genotype or rs2075650,
which were the SNPs explaining the largest proportion of
CSF APOE in our sample (see GWAS analysis and results).
We also used a genetic score as instrument. We constructed
a ‘CSF APOE genetic score’ combining the CSF APOE
raising alleles at each of top typed seven loci for our GWAS
analysis (Table 3). We also created a genetic score without
the SNP in the APOE gene signal to eliminate potential pleio-
tropic effects of the APOE genotype with a risk for AD and
CSF APOE levels. The genetic risk score was defined as
before (56). Age, gender, series and CDR were included in
the model as covariates. We used two-stage least squares to
fit the instrumental variable models in the main analyses, but
checked results with limited information maximum likelihood
and the generalized method of moments (57). We examined
F-statistics from the first-stage regressions to assess the
strength of the instruments. The F-statistic in a simple linear
regression model is derived from the proportion of the vari-
ation explained by the genetic variant in the phenotype
given the sample size. Values greater than 10 are often
taken to indicate sufficient strength to ensure the validity of in-
strumental variable methods (58). This approach is analogous
to methods used in randomized clinical trials to infer an un-
biased on-treatment effect. All analyses were performed with
SAS statistical software, version 9.1 (SAS Institute, Cary,
USA).

Bioinformatics analyses

We used Pupasuite (59), the SNP Function Portal (http://braina
rray.mbni.med.umich.edu/Brainarray/Database/SearchSNP/) and
the SNP and CNV Annotation Database (http://www.scandb.
org) to perform the SNP annotation and to identify the putative
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functional SNPs. We also used the SNP function portal to
perform the Gene-ontology pathway analysis.

Genome partitioning: We used the algorithm GCTA (genome-
wide complex trait analysis) to estimate the proportion of pheno-
typic variance explained by genome-wide SNPs (34).

ADNI materials and methods

Data used in the preparation of this article were obtained from
the ADNI database (adni.loni.ucla.edu). The ADNI was
launched in 2003 by the National Institute on Aging (NIA),
the National Institute of Biomedical Imaging and Bioengineer-
ing (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies and non-profit organiza-
tions, as a $60 million, 5-year public–private partnership.
The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission tomog-
raphy (PET), other biological markers and clinical and neuro-
psychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early
AD. Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and clini-
cians to develop new treatments and monitor their effective-
ness, as well as lessen the time and cost of clinical trials.
The principal investigator of this initiative is Michael
W. Weiner, MD, VA Medical Center and University of Cali-
fornia—San Francisco. ADNI is the result of efforts of many
coinvestigators from a broad range of academic institutions
and private corporations, and subjects have been recruited
from over 50 sites across the USA and Canada. The initial
goal of ADNI was to recruit 800 adults, ages 55–90, to partici-
pate in the research, approximately 200 cognitively normal
older individuals to be followed for 3 years, 400 people with
MCI to be followed for 3 years and 200 people with early
AD to be followed for 2 years.

CSF and plasma APOE levels from the ADNI series were
also measured using the rules based medicine panel. Clinical
and biochemical data were obtained for 292 samples from
the ADNI website. For up-to-date information, see www.a
dni-info.org.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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