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Plasma A�42 and A�40 levels are putative biomarkers for Alzhei-
mer’s disease (AD), but their significance and predictive value have
been inconclusive. In AD transgenic models, plasma and cerebro-
spinal fluid levels of A�42 and A�40 increase with age but subse-
quently decrease when A� begins to accumulate in brain and with
the onset of cognitive impairment. To determine the predictive
value of A� levels in elderly populations, we investigated how
plasma A�42, A�40, and a protofibrillar subspecies of A�42
changed over time and with the onset of cognitive impairment or
AD. In a cohort of 1,125 elderly persons without dementia, 104
(9.2%) of the participants developed AD over 4.6 years of follow-
up. Higher plasma A�42 levels at the onset of the study were
associated with a threefold increased risk of AD. However, con-
version to AD was accompanied by a significant decline in plasma
A�42, a decreased A�42/A�40 ratio and, with the onset of cogni-
tive impairment, decreased protofibrillar A�42 levels. Our results
suggest individuals with elevated plasma A�42 are at increased
risk of AD and that with the onset of disease, the decline in some
forms of A� may reflect compartmentalization of A� peptides in
the brain.

plasma amyloid beta40 and beta42 � protofibrillar Abeta

Amyloid �-peptides A�40 and A�42 are the two major species
generated by sequential proteolytic cleavage by �- and �-

secretases of the amyloid precursor protein (APP) (1). Subsequent
deposition of A�42 has been considered an initial and critical step
in the pathogenesis of Alzheimer’s disease (AD). Brain levels of
A�42 increase with the development of dementia and are corre-
lated with cognitive decline (2). Mutations in the APP and prese-
nilin (PSEN1 and 2) genes, which result in a dominantly inherited
form of early-onset AD, are accompanied by an increase in plasma
A�42 and A�40 levels in patients before disease onset and are
elevated in their unaffected relatives as well (3–5). Furthermore,
both A�42 and A�40 plasma levels are increased in cognitively
normal first-degree relatives of cases with late-onset AD without
known mutations (6).

The relation between brain and plasma A� in health and
disease is complex, but studies of AD transgenic mice have
provided some insights. Within a few months of birth, APP
transgenic mice secreted more A�42 and A�40 than their
wild-type littermates (7, 8), and A� secretion is increased
throughout the life of APP transgenic mice. Both plasma and
cerebrospinal f luid (CSF) levels of A�42, and to a lesser extent
A�40, increase with age, but both precipitously decrease as A�42
and A�40 levels rise in the brain (7). By 1 year, there are frank
A� plaques, and subsequently there are characteristic age-
related behavioral changes in memory. However, Lesne and
colleagues (9) reported that the behavioral effects are not the
result of the A� accumulation in brain, but the increase in the
protofibrillar subspecies of A�.

These observations in mice represent a model for changes in
plasma A� as a biomarker associated with AD in humans.

Among nondemented elderly, plasma A�42 has been found to be
increased in women with mild cognitive impairment (10), in
adults with Down syndrome who subsequently develop dementia
(11, 12), and in healthy elderly before late-onset AD (13, 14). In
nondemented elderly, plasma A�42 levels were elevated and
then declined over time, with a corresponding decline in a
cognitive-screening test score (15). CSF A�42 and A�40 are
reduced in those with cognitive impairment or very mild AD and
when the disease is established (16). In addition, levels of CSF
A�42 are inversely related to brain amyloid load as imaged with
Pittsburgh Compound B (17, 18). Based on these results, it has
been proposed that plasma levels of A�42 increase before the
onset of AD and decline shortly after the onset of dementia and
with progression of symptoms (10, 13, 19–21), although decline
in CSF A�42 precedes cognitive decline associated with AD (17,
18). However, these observations are not consistent across
studies, and the relation of A� peptides to AD has been
attributed to the effects of age (22), high levels of A�40 (23), or
a low plasma A�42/A�40 ratio (24). It is possible that the
variability in the reports concerning plasma A�42 and A�40 as
a biomarker of risk for AD may be related to when the plasma
measurements are obtained and whether there is a concomitant
accumulation of the protofibrillar forms of A�.

We evaluated the use of plasma A�42 and A�40 as biomarkers
for AD in a longitudinal study of elderly participants from
northern Manhattan in New York City. Plasma samples were
obtained �4.5 years apart. None of the participants were de-
mented at the inception of the study. In addition to measuring
plasma A�42 and A�40, in a subset we also measured protofi-
brillar A�42 by using a newly developed antibody and total
soluble A� by using a commercially available antibody 4G8.

Results
Demographic Characteristics. The mean duration of follow-up was
4.6 (� 0.7) years, and over the course of follow-up, 104 partic-
ipants (9.2%) developed AD. Baseline levels of plasma A�40 and
A�42 were correlated with each other (r � 0.68, P � 0.001).
Plasma A�40 and A�42 but not the A�42/A�40 ratio were
modestly related to age among those who remained nonde-
mented over the follow-up period (A�40: r � 0.222, P � 0.001;
A�402: r � 0.198, P � 0.001; and A�42/A�40 ratio: r � �0.065,
P � 0.037). However, the relation between A� peptides and age
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at baseline among those who subsequently developed AD was
significant only for A�40 (A�40: r � 0.235, P � 0.016; A�42: r �
0.103, P � 0.30; and A�42/A�40 ratio: r � 0.065, P � 0.51).
Compared with those who remained nondemented, those who
developed AD were older, more likely to be African American
or Hispanic than white Caucasians, and less well educated, but
did not differ by sex or the presence of an APOE-�4 allele
(Table 1).

Relation of Initial A� Peptides to Incidence of AD. Mean A�42 but
not A�40 levels were significantly higher at baseline in those who
subsequently developed AD than in those who remained non-
demented (Table 1). Participants in the two highest quartiles of
plasma A�42 levels were two to three times more likely to
develop AD than those in the lowest quartile [hazard ratio
(HR) � 2.2, 95% C.I. of 1.1–4.7 for those in the second highest
quartile and HR � 3.4, 95% C.I. of 1.6–7.6 for those in the
highest quartile], whereas the risk of AD did not vary by quartile
of A�40 level (Table 2). These associations did not change in the
multivariate Cox regression model after adjustment for age at

baseline, sex, ethnicity, education, body mass index (BMI), and
the presence of the APOE �4 allele. Quartiles of the ratio of
A�42/A�40 at baseline were not related to risk of AD (Table 2).

Relation of Change in A� Peptide Levels to Incidence of AD. De-
creases in A�42 levels but not A�40 levels were associated with
a significant increase in the risk of conversion to AD over the
follow-up period, both when changes in A�42 levels were
assessed as a continuous variable and with respect to change
groups (Table 3). Compared with those whose A�42 levels
increased over the follow-up period, those with decreasing levels
of A�42 were three times more likely to develop AD [Odds Ratio
(OR) � 2.8, 95% C.I. of 1.6–5.1] (Fig. 1), whereas there was no
association between decreasing levels of A�40 and the devel-
opment of AD (OR � 0.6, 95% C.I. of 0.2–1.7) (Table 3).
Decrease in the ratio of A�42/A�40 was also strongly related to
the development of AD. Compared with those with an increasing
A�42/A�40 ratio, those whose A�42/A�40 ratios did not change
and those with a decreasing A�42/A�40 ratio were three times
more likely to have progressed to AD during that time period
(OR � 3.1, 95% C.I. of 1.0–10.1 for those in the no change
group; OR � 3.6, 95% C.I. of 1.1–12.1 for those in the decreasing
group) (Table 3). These associations did not change in multi-
variate logistic regression models, adjusting for age at baseline,
sex, ethnicity, education, BMI, and the presence of the APOE �4
allele (Table 3).

Protofibrillar A� and Mild AD. In a subset of 402 participants, we
studied the relation of 13C3, an antibody to a protofibrillar form
of A�42, to the development of mild AD and examined an
antibody to total soluble A�, 4G8, a measure of overall A�
burden. Protofibrillar A�42, as measured by 13C3 antibody, was
detectable in 34% of the cohort; thus, 66% had no detectable
protofibrillar A� in plasma. In contrast, �90% of the partici-
pants had detectable soluble A� as measured by 4G8. 13C3 and
4G8 were highly correlated (r � 0.66, P � 0.001). Protofibrillar
A�42 and soluble A� were correlated with plasma A�42 and
A�40 at baseline and at the follow-up assessment. The strongest
correlation was between 13C3 and A�42 at baseline and fol-
low-up (0.20, P � 0.001 and 0.36, P � 0.001, respectively) (Table
4). The highest detectable levels of protofibrillar A�42 were
present among individuals with the highest plasma A�42 levels

Table 1. Demographic characteristics

Demographic characteristic No dementia Incident AD

No. 1021 104
Age at baseline, years (mean �

SD)***
76.3 � 6.1 80.7 � 7.0

Sex, n (% women) 693 (67.9) 75 (72.1%)
Education, years (mean � SD)*** 10.4 � 4.7 6.7 � 4.8
Ethnicity, n (%)***

White
African American
Hispanic

319 (97)
338 (91.6)
364 (85.2)

10 (3)
31 (8.4)
63 (14.8)

APOE �4 allele, n (%) 265 (26.3%) 28 (27.2%)
AB40, baseline (mean � SE) 79.6 � 1.9 87.2 � 5.4
AB40, follow up (mean � SE) 120.3 � 1.6 128.8 � 4.5
AB42, baseline (mean � SE)* 37.3 � 0.77 42.2 � 2.9
AB42 follow up (mean � SE) 48.2 � 0.7 47.9 � 2.0
AB42/AB40 baseline (mean � SE) 0.60 � 0.01 0.64 � 0.06
AB42/AB40 follow up (mean � SE) 0.46 � 0.01 0.46 � 0.01

*, P � 0.05; **, P � 0.01; ***, P � 0.001.

Table 2. Relation of initial A� peptide levels to incidence of AD

A� levels No. at risk AD, n (%)
Hazard rate,

model A†

Hazard rate,
model B‡

Quartile of A� 40
9.0–34.9 281 21 (6.7) 1.0 (reference) 1.0 (reference)
35–73.35 281 31 (10.6) 1.3 (0.7–2.4) 1.3 (0.6–2.7)
72.5–113.2 282 25 (9.3) 1.0 (0.5–2.1) 1.0 (0.5–2.1)
113.6–588.1 279 27 (10.9) 1.4 (0.7–2.9) 0.9 (0.4–2.1)

Quartile of A� 42
9.0–18.8 282 15 (5.1) 1.0 (reference) 1.0 (reference)
18.85–33.4 281 27 (9.2) 1.9 (0.9–3.8) 2.1 (0.9–4.6)
33.45–49.25 281 31 (11) 2.2 (1.1–4.7)* 2.3 (1.0–5.4)*
49.3–198.7 281 31 (12.1) 3.4 (1.6–7.6)** 3.5 (1.4–8.6)**

Quartiles of A� 42/A� 40 ratio
0.07–0.3530 281 23 (8.2) 1.0 (reference) 1.0 (reference)
0.35–0.51 281 24 (8.5) 1.1 (0.6–1.9) 1.2 (0.6–2.2)
0.51–0.75 281 30 (10.7) 1.2 (0.7–2.0) 1.6 (0.8–2.9)
0.75–7.40 279 27 (9.6) 0.9 (0.5–1.7) 0.9 (0.5–1.7)

*, P � 0.05; **, P � 0.01.
†Cox proportional hazards model and 95% confidence interval, with A� 42 and A� 40 in the model, unadjusted.
‡Cox proportional hazards model and 95% confidence interval, adjusted for age at baseline, cohort membership,
sex, ethnicity, education, BMI, and the presence of the APOE � 4 allele.
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(Table 4). Total soluble A�, as expected, correlated with both
plasma A�40 and A�42 levels.

Compared with those who never developed cognitive or
functional impairment throughout their participation in the
study, levels of protofibrillar A�42 declined significantly over the
follow-up in those who had developed mild AD by the second
assessment (2.66 vs. �100.67, P � 0.016) (Table 5), but did not
decline in those with prevalent mild AD (2.66 vs. �12.2, P �
0.748) (Table 5). Change in total soluble A� was not significantly
different for those with either incident or prevalent mild AD
compared with those who never developed mild AD, although
total soluble A� tended to increase slightly with onset and
duration of mild AD (Table 5).

Discussion
Compared with individuals with low plasma A�42 levels at
baseline, those with high A�42 levels had more than a threefold

increased risk of developing AD over an average of four 4.5
years. At the follow-up assessment when blood sampling was
repeated, a decrease in plasma A�42 levels but not A�40 levels
was related to the development of AD. The likelihood of having
converted to AD 18–24 months before the second blood draw
was three times higher when plasma A�42 levels had decreased
by more than half of a standard deviation or when the plasma
A�42/A�40 ratio decreased by more than half of a standard
deviation. Thus, over time, decreasing levels of plasma A�42 or
a decline in the A�42/A�40 ratio are sensitive indicators of
recent conversion to AD. We postulate that the decline in plasma
A�42 reflects compartmentalization of A� peptides in brain.

These results confirm and extend findings in nondemented
individuals who subsequently developed late onset AD (11, 13, 14)

Table 3. Relation of change A� peptide levels to incidence of AD

Change in A� levels No. at risk AD, n (%)
Odds ratio,
model A†

Odds ratio,
model B‡

Change as a continuous variable
Change in A� 40 1123 104 (9.3) 1.003 (0.99–1.01) 1.002 (0.99–1.01)
Change in A� 42 1125 104 (9.2) 0.98 (0.97–0.99)* 0.98 (0.97–0.99)*
Change in A� 42/A� 40 ratio 1123 104 (9.3) 0.77 (0.55–1.08) 0.7 (0.47–1.01)

Change in A� 40 by group
Increasing 626 59 (9.4) 1.0 (reference) 1.0 (reference)
No change 434 41 (9.4) 0.9 (0.6–1.4) 0.7 (0.4–1.3)
Decreasing 58 4 (6.9) 0.6 (0.2–1.7) 0.5 (0.2–1.7)

Change in A� 42 by group
Increasing 493 39 (7.9) 1.0 (reference) 1.0 (reference)
No change 502 41 (8.2) 1.1 (0.7–1.8) 1.5 (0.7–2.0)
Decreasing 130 24 (17.6) 2.8 (1.6–5.1)*** 2.6 (1.3–5.1)**

Change in A� 42/A� 40 ratio by group
Increasing 93 3 (2.9) 1.0 (reference) 1.0 (reference)
No change 692 65 (9.4) 3.1 (1.0–10.1) 3.2 (0.9–11)
Decreasing 333 36 (10.8) 3.6 (1.1–12.1)* 3.4 (1.0–11.8)*

*, P � 0.05; **, P � 0.01; ***, P � 0.001.
†Logistic regression model, with A� 42 and A� 40 in the model, unadjusted.
‡Logistic regression model, adjusted for age at baseline, cohort membership, sex, ethnicity, education, BMI, and the presence of the
APOE � 4 allele.

Fig. 1. Proportion of subjects with incident AD by A�42-change group.

Table 4. Relationship between A� 40 and A� 42 quartiles
at baseline and follow-up and mean levels of antibodies
to protofibrillar A� and total soluble Ab

Baseline
A� 40 quartiles R13C3 R4g8***

Lowest to 34.9 12.977 155.464
34.9–72.3 21.164 162.903
72.3–113.2 11.646 289.596
113.2 & higher 12.541 423.085

A� 42 quartiles R13C3** R4g8***
Lowest to 18.8 1.804 139.267
15.8–33.4 7.844 187.846
33.4–49.3 11.398 235.724
49.3 & higher 60.056 450.697

Follow-up
A� 40 quartiles R13C3 R4g8***

Lowest to 94.3 8.223 595.419
94.3–115.5 0.866 645.790
115.5–139.9 23.185 955.611
139.9 & higher 129.700 1142.849

A� 42 quartiles R13C3 R4g8***
Lowest to 32.3 1.760 716.469
32.3–44.4 12.156 766.568
44.2–62.5 102.914 955.141
62.5 & higher 109.699 1165.050

Adjusted for age at blood draw. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

14054 � www.pnas.org�cgi�doi�10.1073�pnas.0805902105 Schupf et al.
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and are consistent with studies in women with mild cognitive
impairment (10) and among asymptomatic first-degree relatives of
patients with late onset AD (6), both groups at which are high risk
of developing AD. Our results do not support prior studies that
showed (i) no relation between plasma A� peptide levels and risk
of AD (22); (ii) an association between low plasma A�40 and AD
(23, 25); or (iii) a relation between a low plasma A�42/A�40 ratio
and subsequent cognitive impairment and AD (24).

A number of factors may account for these inconsistencies
with prior research. The most important factor is likely to be the
timing of sample collection in relation to the preclinical period
or to the stage of disease onset and progression. Few studies have
examined risk associated with change in plasma A� peptide
levels or change in A�42/A�40 ratio over time. In the current
study, conversion to AD was strongly related to a decline in A�42
levels and in the A�42/A�40 ratio. Similarly, in a study of healthy
nondemented elderly individuals, higher initial A�42 levels and
greater reductions in A�42 levels over an �4-year period were
associated with greater cognitive decline (15). In the CSF, low
levels of A�42 and A�42/A�40 ratios in patients with mild
cognitive impairment are associated with higher brain amyloid
load (17, 18) and predict conversion to AD (16, 26). Our findings
suggests that a decline in A�42 levels and in A�42/A�40 ratios
can herald the onset of AD, possibly reflecting sequestration of
A�42 in senile plaques or the formation of semisoluble oli-
gomers (27, 28).

Formation of protofibrillar forms of A�42 has been suggested
to be the initial toxic event leading to onset of AD. Neurotoxicity
is associated with several self-associating A� assemblies, includ-
ing subfibrillar A�-derived diffusible ligands (ADDLs) and
protofibrils (29). In rats in vivo or in primary neuronal cultures,
ADDLs are associated with inhibition of hippocampal long-term
potentiation (28, 30). Brain and CSF levels of ADDLs are
elevated in AD brains (31–33), and formation of protofibrillar
forms of A� is found in association with high levels of �-amyloid
in transgenic mice (7, 29, 34). We used a novel antibody to
examine the relation of a protofibrillar form of A�42 in plasma
to onset of an early, mild stage of AD. We hypothesized that
protofibrillar forms of A� would decline in plasma as cognitive
impairment developed and that total soluble A� would increase
in plasma with age. Among those with prevalent mild AD at
baseline, we hypothesized that change in protofibrillar A�42
would not differ from those who never developed dementia,
because the protofibrillar A�42 associated with the development
of AD would have already gained entry into the brain. Our
observations that the highest detectable levels of protofibrillar
A�42 were present among individuals with the highest plasma
A�42 and A�40 levels and that decline in protofibrillar A�42 but
not total soluble A� was associated with conversion to mild AD
support this conclusion. It is noteworthy that protofibrillar A�42
was found in only a minority of participants (34%), suggesting
that variation in plasma levels of protofibrillar A� may be a

biomarker of change in cognitive status and explain some of the
variability in risk seen among participants with high levels of
A�42 at baseline when the presence of protofibrillar forms is not
considered.

A limitation of this study is that measures of protofibrillar
A�42 were available for only a subset of the sample. Plasma
A�42 and A�40 levels have been suggested as potential biomar-
kers for the development of late onset AD. Our results support
a model in which the decline in these A� species likely reflects
compartmentalization of A� peptides in brain with onset of
dementia and with protofibrillar species most highly correlated
with onset of cognitive impairment. Further work is needed on
the pattern of change in A� levels associated with the develop-
ment of AD and how that pattern may vary between familial and
sporadic AD or by the presence of genetic or environmental risk
factors.

Materials and Methods
Study Population. Plasma A�40 and A�42 and clinical data were obtained from
participants in the Washington Heights-Inwood Columbia Aging Project, a
prospective study of aging and dementia among Medicare recipients 65 years
and older residing in northern Manhattan. Subjects were recruited in two
waves, one ending in 1992 and the other in 1999. The sampling strategies and
recruitment outcomes of these two cohorts have been described in detail
elsewhere (35). The cohort used for the current study represents a combina-
tion of continuing members of the cohort originally recruited in 1992 (n � 602)
and members of a new cohort recruited between 1999 and 2001 (n � 2,174).
The population from which participants were drawn was comprised of indi-
viduals from several different countries of origin representing three broadly
defined ethnic categories (i.e., Caribbean Hispanic, African-American, and
non-Hispanic White of European ancestry). Individuals who completed a
baseline and second follow-up assessment and consented to provide a blood
sample were included in the study (n � 1,125). The Columbia University
Institutional Review Board reviewed and approved this project. All individuals
provided written informed consent.

Clinical Assessments. Each participant underwent an in-person structured
interview of health and functional ability, followed by a standardized assess-
ment, including medical and medication history, physical and neurological
examination, and a comprehensive neuropsychological test battery (36) at the
time of study entry, which was repeated at �18- to 24-month intervals. Stroke
was defined according to the World Health Organization criteria, based on
self-report, and supplemented by a neurological examination. Diabetes, hy-
pertension, heart disease, and history of other medical conditions were as-
certained by self-report at each visit. By using a standard protocol, standing
body weight to the nearest 0.1 kg, measured with a balance scale (Scale-
Tronix), and height without shoes to the nearest 0.5 cm, measured by using an
anthropometer (GPM), were used to calculate the BMI (kg weight/m2 height).

Cognitive Assessment. The neuropsychological test battery, previously vali-
dated for this geographical area (36, 37), was administered in either Spanish
or English. The battery consisted of the orientation subtest from the modified
MiniMental State Examination (38), the Boston Naming Test (39), the Con-
trolled Word Association test (40), category naming, the Complex Ideational
Material and Phrase Repetition Subtests of the Boston Diagnostic Aphasia
Evaluation (41), the Abstract Reasoning and Similarities subtests from the

Table 5. Relation of change in R13C3 and R4g8 to incident AD

n
Change in R13C3,

mean (SE)* P value**
Change in R4g8,

mean (SE) P value**

No dementia 209 2.66 (24.2) 1.00
Incident mild AD 91 �100.67 (34.3) .016
Prevalent mild AD 102 �12.20 (35.8) .748
No dementia 209 579.74 (42.2) 1.00
Incident mild AD 91 614.86 (59.82) .637
Prevalent mild AD 102 653.68 (62.28 .647

*Adjusted for age, cohort membership, sex, ethnicity, education, APOE � 4, and BMI. Incident and prevalent mild
dementia vs. no dementia.

**Incident or prevalent mild AD compared with no dementia.

Schupf et al. PNAS � September 16, 2008 � vol. 105 � no. 37 � 14055
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Wechsler Adult Intelligence Scale-Revised (42), the nonverbal Identities and
Oddities subtest of the Mattis Dementia Rating Scale (43), the Rosen Drawing
Test (44), the matching version and the multiple-choice version of the Benton
Visual Retention Test (45), and the Selective Reminding Test (46).

Diagnosis of Dementia. The diagnosis of dementia was based on standard
research criteria and was established by using all available information gath-
ered from the initial and follow-up assessments and medical records by
consensus at a conference of physicians, neurologists, neuropsychologists, and
psychiatrists. AD diagnosis was based on National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association criteria for probable and possible AD (47).
Severity of AD was rated by using the Clinical Dementia Rating Scale (48). Only
participants with a diagnosis of probable or possible AD were included in the
analysis. Participants showing a slight decline in cognitive performance and
impairment in daily activities but who were still living independently were
considered to have mild AD (48).

Ethnic Group. At baseline, ethnic group was documented by self-report using
the format of the United States Census (49). Each individual was first asked to
indicate his racial group and then whether or not he was of ‘‘Hispanic origin.’’

Apolipoprotein (APOE) Genotype. Genotypes were obtained by amplification
of genomic DNA with PCR subjected to CfoI restriction analysis using APOE
primers and conditions similar to those described by Hixson and Vernier (50)
and modified by Maestre et al. (51). Participants were classified according to
the presence or absence of an APOE �4 allele.

Plasma A�40 and A�42. A 10-ml sample of venous blood (K3EDTA lavender-top
tubes) was collected at baseline and the second follow-up for plasma A�

peptide levels. Plasma levels of A�42 and A�40 were measured blind to
dementia status by using a combination of monoclonal antibody 6E10 (specific
to an epitope present on 1–16 amino acid residues of A�) and rabbit antisera
R165 (vs. A�42) and R162 (vs. A�40) in a double-antibody sandwich ELISA as
described previously (13, 21). The detection limit for these assays was 9 pg/ml
for A�40 and 10 pg/ml for A�42. A� peptide levels from each sample were
measured twice, using separate aliquots so that none of the samples were
refrozen and rethawed for the repeat assay. Previously, we had established
that the test-retest reliability of the measurement of plasma A�40 and A�42
was excellent (Cronbach’s � coefficient � 0.91). There were 1,270 participants
for whom blood samples were available; we were able to obtain A� peptide
levels for 1,242 (97.8%) participants. Among these, 64 samples were at the
lower limit of detection for A�40 (5.8%) and 100 samples were at the lower
limit of detection for A�42 (8.9%).

Monoclonal Antibody Against Protofibrillar A�, Clone 13C3. NaOH-treated
synthetic A�42 peptides (American Peptide) were polymerized to form fibril-
liar protein structures, and the degree of fibrillar A�42 aggregation was
monitored by circular dichroism spectroscopy as described previously (52).
BALB/c fcgr2 deficient mice were immunized with the fibrillar form of the
A�42 protein, and hybridomas were generated in the Monoclonal Antibody
Core Facility at the Memorial Sloan–Kettering Cancer Center by using stan-

dard methods. The hybridoma supernatants were screened by ELISA for
high-affinity monoclonal antibodies against the fibrillar form of the A�42
protein and were also scored for specificity by immunohistochemistry on
murine brain sections for amyloid burden. After separating protofibrillar
A�42 and low molecular weight (LMW) A�42 by the method described pre-
viously (53) [supporting information (SI) Fig. S1], monoclonal antibodies spe-
cific to the protofibrillar A�42 protein were evaluated by surface plasmon
resonance (Biacore, GE Healthcare) (Fig. S2) and by ELISA (Fig. S3). Two
hybridoma clones reacted with the protofibrillar A�42 fractions but not with
the LMW fractions. Clone 13C3 showed the highest affinity and was later used
for immunoassays to measure plasma A�42 levels in patients.

Statistical Analyses. Analyses were restricted to participants who were not
demented at baseline, excluding 104 participants with prevalent AD. An
additional 13 individuals classified as having ‘‘other’’ ethnicity were also
excluded, leaving 1,125 participants for the analysis. In preliminary analyses,
we used �2 tests for categorical variables and Student’s t test and ANOVA for
continuous variables to compare nondemented and incident cases of AD by
demographic characteristics and levels of A� peptides. Two sets of analyses
were conducted. First, we examined the relation of A� peptides at baseline to
risk of incident AD. We used Cox proportional hazards modeling to estimate
the cumulative incidence and HR of AD by quartile of A� peptide. The
time-to-event variable was time from baseline to onset of AD for incident
cases and time from baseline to last assessment for those who remained
nondemented. Second, we examined the relation of change in A� peptides to
risk of AD. Change was calculated as the difference between levels at the
second follow-up minus the level at baseline. We examined change both as a
continuous variable and by change groups. We classified changes in A�

peptides from baseline to follow-up into three groups based on 0.5 standard
deviations of change: (i) no change (no change � 0.5 SD of change), (ii)
increasing (�0.5 SD of change), and (iii) decreasing (�0.5 SD of change). We
used logistic regression models to estimate the likelihood of AD by change in
level of A� peptides or by change in A� peptide group, with increasing levels
as the reference group. Because levels of A�42 and A�40 were correlated, we
used models containing measures of both peptides in all analyses to deter-
mine if independent relationships with dementia status were present. All
analyses were conducted first in univariate models (model A) including both
A�42 and A�40 and then in models that adjusted for age, cohort membership,
sex, ethnic group, education, BMI, and the presence of the APOE �4 allele
(Model B).

We also examined mild AD, characterized by cognitive impairment with
mild functional deficits as an outcome when determining the effects of
protofibrillar A�42 and soluble A�. Participants were classified as having no
mild AD, prevalent mild AD, or incident mild AD. Mild AD was used as the
outcome to provide an index of the earliest changes associated with onset of
AD. We used multivariate ANOVA to assess the relation of changes in levels of
13C3 and 4G8 antibodies to incident and prevalent mild AD, adjusting for age,
cohort membership, sex, ethnic group, education, BMI, and the presence of
the APOE �4 allele.

ACKNOWLEDGMENTS. This work was supported by National Institutes of
Health Grants PO1-AG07232 and P50-AG08702.

1. Selkoe DJ (1994) Normal and abnormal biology of the �-amyloid precursor protein.
Annu Rev Neurosci 17:489–517.

2. Naslund J, et al. (2000) Correlation between elevated levels of amyloid B-peptide in the
brain and cognitive decline. JAMA 283:1571–1577.

3. Kosaka T, et al. (1997) The beta APP717 Alzheimer mutation increases the percentage
of plasma amyloid-beta protein ending at Abeta42(43). Neurology 48:741–745.

4. Mann D, et al. (1996) Amyloid B protein (AB) deposition in Chromosome 14-linked
Alzheimer’s disease: Predominance of AB42(43). Ann Neurol 40:1149–1156.

5. Scheuner D, et al. (1996) Secreted amyloid �-protein similar to that in the senile plaques
of Alzheimer’s disease is increased in vivo by the presenilin 1 and 2 and APP mutations
linked to familial Alzheimer’s disease. Nat Med 2:864–870.

6. Ertekin-Taner N, et al. (2008) Plasma amyloid beta protein is elevated in late-onset
Alzheimer disease families. Neurology 70:596–606.

7. Kawarabayashi T, et al. (2001) Age-dependent changes in brain, CSF, and plasma
amyloid (beta) protein in the Tg2576 transgenic mouse model of Alzheimer’s disease.
J Neurosci 21:372–381.

8. Kuo YM, et al. (2001) The evolution of A beta peptide burden in the APP23 transgenic
mice: Implications for A beta deposition in Alzheimer disease. Mol Med 7:609–618.

9. Lesne S, et al. (2006) A specific amyloid-beta protein assembly in the brain impairs
memory. Nature 440:352–357.

10. Assini A, et al. (2004) Plasma levels of amyloid �-protein 42 are increased in women
with mild cognitive impairment. Neurology 63:828–831.

11. Schupf N, et al. (2007) Elevated plasma beta-amyloid peptide A�(42) levels, incident
dementia, and mortality in Down syndrome. Arch Neurol 64:1007–1013.

12. Schupf N, et al. (2001) Elevated plasma amyloid �-peptide 1–42 and onset of dementia
in adults with Down syndrome. Neurosci Lett 301:199–203.

13. Mayeux R, et al. (2003) Plasma A�40 and A�42 and Alzheimer’s disease: Relation to age,
mortality, and risk. Neurology 61:1185–1190.

14. Mayeux R, et al. (1999) Plasma amyloid �-peptide 1–42 and incipient Alzheimer’s
disease. Ann Neurol 46:412–416.

15. Pomara N, Willoughby LM, Sidtis JJ, Mehta PD (2005) Selective reductions in plasma A�

1–42 in healthy elderly subjects during longitudinal follow-up: A preliminary report.
Am J Geriatr Psychiatry 13:914–917.

16. Hansson O, et al. (2007) Prediction of Alzheimer’s disease using the CSF A�42/A�40
ratio in patients with mild cognitive impairment. Dement Geriatr Cogn Disord 23:316–
320.

17. Fagan AM, et al. (2006) Inverse relation between in vivo amyloid imaging load and
cerebrospinal fluid Abeta42 in humans. Ann Neurol 59:512–519.

18. Fagan AM, et al. (2007) Cerebrospinal fluid tau/beta-amyloid(42) ratio as a prediction
of cognitive decline in nondemented older adults. Arch Neurol 64:343–349.

19. Graff-Radford N, Lucas JA, Younkin LH, Younkin S (2003) Longitudinal analysis of
plasma Ab in subjects progressing from normal through mild cogntive impairment to
Alzheimer’s disease. Neurology 60:A245.

20. Kanai M, et al. (1998) Longitudinal study of cerebrospinal fluid levels of �, A �1–40, and
A�1–42(43) in Alzheimer’s disease: A study in Japan. Ann Neurol 44:17–26.

14056 � www.pnas.org�cgi�doi�10.1073�pnas.0805902105 Schupf et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 

http://www.pnas.org/cgi/data/0805902105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0805902105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0805902105/DCSupplemental/Supplemental_PDF#nameddest=SF3


www.manaraa.com

21. Mehta PD, et al. (2000) Plasma and cerebrospinal fluid levels of amyloid beta proteins
1–40 and 1–42 in Alzheimer disease. Arch Neurol 57:100–105.

22. Fukumoto H, et al. (2003) Age but not diagnosis is the main predictor of plasma
amyloid �-protein levels. Arch Neurol 60:958–964.

23. van Oijen M, Hofman A, Soares HD, Koudstaal PJ, Breteler MM (2006) Plasma A�(1–40)
and A�(1–42) and the risk of dementia: A prospective case-cohort study. Lancet Neurol
5:655–660.

24. Graff-Radford NR, et al. (2007) Association of low plasma A�42/A�40 ratios with
increased imminent risk for mild cognitive impairment and Alzheimer disease. Arch
Neurol 64:354–362.

25. Sundelof J, et al. (2008) Plasma beta amyloid and the risk of Alzheimer disease and
dementia in elderly men: A prospective, population-based cohort study. Arch Neurol
65:256–263.

26. Blennow K, Hampel H (2003) CSF markers for incipient Alzheimer’s disease. Lancet
Neurol 2:605–613.

27. Lesne S, Kotilinek L, Ashe KH (2008) Plaque-bearing mice with reduced levels of
oligomeric amyloid-� assemblies have intact memory function. Neuroscience 151:745–
749.

28. Walsh DM, et al. (2002) Naturally secreted oligomers of amyloid beta protein potently
inhibit hippocampal long-term potentiation in vivo. Nature 416:535–539.

29. Klein WL (2002) ADDLs & protofibrils—the missing links? Neurobiol Aging 23:231–235.
30. Lambert MP, et al. (1998) Diffusible, nonfibrillar ligands derived from Abeta1–42 are

potent central nervous system neurotoxins. Proc Natl Acad Sci USA 95:6448–6453.
31. Gandy S (2005) The role of cerebral amyloid beta accumulation in common forms of

Alzheimer disease. J Clin Invest 115:1121–1129.
32. Georganopoulou DG, et al. (2005) Nanoparticle-based detection in cerebral spinal fluid

of a soluble pathogenic biomarker for Alzheimer’s disease. Proc Natl Acad Sci USA
102:2273–2276.

33. Gong Y, et al. (2003) Alzheimer’s disease-affected brain: Presence of oligomeric A beta
ligands (ADDLs) suggests a molecular basis for reversible memory loss. Proc Natl Acad
Sci USA 100:10417–10422.

34. Mucke L, et al. (2000) High-level neuronal expression of a� 1–42 in wild-type human
amyloid protein precursor transgenic mice: Synaptotoxicity without plaque formation.
J Neurosci 20:4050–4058.

35. Tang MX, et al. (1998) The APOE-epsilon4 allele and the risk of Alzheimer disease
among African Americans, whites, and Hispanics. JAMA 279:751–755.

36. Pittman J, et al. (1992) Diagnosis of dementia in a heterogeneous population. A
comparison of paradigm-based diagnosis and physician’s diagnosis. Arch Neurol
49:461–467.

37. Stern Y, et al. (1992) Diagnosis of dementia in a heterogeneous population. Develop-
ment of a neuropsychological paradigm-based diagnosis of dementia and quantified
correction for the effects of education. Arch Neurol 49:453–460.

38. Folstein MF, Folstein SE, McHugh PR (1975) ‘‘Mini-mental state.’’ A practical method for
grading the cognitive state of patients for the clinician. J Psychiatr Res 12:189–198.

39. Kaplan E, Goodglass H, Weintraub S (1983) Boston Naming Test (Lea and Febiger,
Philadelphia).

40. Benton A ed (1967) FAS Test (University of Victoria, Victoria, BC).
41. Goodglass H, Kaplan D (1983) The Assessment of Aphasia and Related Disorders (Lea

and Febiger, Philadelphia).
42. Wechsler D (1974) Wechsler Intelligence Scale for Children-Revised (Psychological

Corporation, New York).
43. Mattis S (1976) Mental Status Examination for Organic Mental Syndrome in the Elderly

Patient (Grune and Statton, New York).
44. Rosen W (1981) The Rosen Drawing Test (Veterans Administration Medical Center,

Bronx, NY).
45. Benton AL (1963) The Revised Visual Retention Test: Clinical and Experimental

Applications (The Psychological Corporation, New York).
46. Buschke H, Fuld PA (1974) Evaluating storage, retention, and retrieval in disordered

memory and learning. Neurology 24:1019–1025.
47. McKhann G, et al. (1984) Clinical diagnosis of Alzheimer’s disease: Report of the

NINCDS-ADRDA Work Group under the auspices of the Department of Health and
Human Services Task Force on Alzheimer’s disease. Neurology 34:939–944.

48. Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL (1982) A new clinical scale for the
staging of dementia. Br J Psychiatry 140:566–572.

49. US Office of Management and Budget (1997) Revisions to the Standards for the
Classification of Federal Data on Race and Ethnicity. Available at: http://www.white-
house.gov/omb/fedreg/ombdir15.html. Accessed October 30, 1997.

50. Hixson JE, Vernier DT (1990) Restriction isotyping of human apolipoprotein E by gene
amplification and cleavage with HhaI. J Lipid Res 31:545–548.

51. Maestre G, et al. (1995) Apolipoprotein E and Alzheimer’s disease: Ethnic variation in
genotypic risks. Ann Neurol 37:254–259.

52. Fezoui Y, Weaver DL, Osterhout JJ (1994) De novo design and structural characteriza-
tion of an alpha-helical hairpin peptide: A model system for the study of protein
folding intermediates. Proc Natl Acad Sci USA 91:3675–3679.

53. Walsh DM, Lomakin A, Benedek GB, Condron MM, Teplow DB (1997) Amyloid �-pro-
tein fibrillogenesis. Detection of a protofibrillar intermediate. J Biol Chem 272:22364–
22372.

Schupf et al. PNAS � September 16, 2008 � vol. 105 � no. 37 � 14057

M
ED

IC
A

L
SC

IE
N

CE
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 


