1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

WEALTH 4
of P
e

/ HHS Public Access

Author manuscript

ﬁ Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Alzheimers Dement. 2015 March ; 11(3): 249-257.e1. doi:10.1016/j.jalz.2014.07.001.

Plasma amyloid B and risk of Alzheimer’s disease in the
Framingham Heart Study
Vincent Chouraki®P*, Alexa BeiserP.¢, Linda Younkind, Sarah Rosner Preis®¢, Galit

Weinstein®P, Oskar Hansson®, Ingmar Skoog, Jean-Charles Lambertd:"i, Rhoda Au&P,
Lenore Launer], Philip A Wolf2:?, Steven Younkind, and Sudha SeshadriaP

aThe Framingham Heart Study, Framingham, MA, USA

bDepartment of Neurology, Boston University School of Medicine, Boston, MA, USA
cDepartment of Biostatistics, Boston University School of Public Health, Boston, MA, USA
dMayo Clinic, Jacksonville, FL, USA

€Clinical Memory Research Unit, Department of Clinical Sciences Malmg, Lund University,
Sweden

Neuropsychiatric Epidemiology, Institute of Neuroscience and Physiology, Sahlgrenska
Academy, University of Gothenburg, Sweden

9Inserm UMR 744, Lille, France
hUniversité Lille Nord de France, Lille, France
iInstitut Pasteur de Lille, Lille, France

iLaboratory of Epidemiology and Population Sciences, Intramural Research Program, National
Institute on Aging, Bethesda, Maryland, USA
Abstract

Background—Plasma amyloid 3 (AB) peptides levels have been examined as a low-cost,
accessible marker for risk of incident Alzheimer’s disease (AD) and dementia, but results have
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varied between studies. We reassessed these associations in one of the largest, prospective,
community-based studies to date.

Methods—A total of 2189 dementia-free, Framingham Study participants over age 60 years
(mean age 72+8; 56% women) had plasma AB1.42 and AB4.49 measured and were followed
prospectively (mean 7.6+3.0 years) for dementia/AD.

Results—Increased plasma ApB1.42 levels were associated with lower risk of dementia (Hazard
ratios: AB1.4» HR=0.80 [0.71-0.90], p<0.001; AB1.40/AB1.-40 ratio HR=0.86 [0.76-0.98], p=0.027)
and AD (AB1-42 HR=0.79 [0.69-0.90], p<0.001; AB1-42/AB1.49 ratio HR=0.83 [0.72-0.96],
p=0.012).

Conclusion—Our results suggest that lower plasma Ap levels are associated with risk of

incident AD and dementia. They encourage further evaluation of plasma AP levels as a biomarker
for risk of developing clinical AD and dementia.

Keywords

AB peptides; plasma biomarker; incident Alzheimer’s disease; incident dementia; Framingham
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1 Background

Dementia is a major public health problem with worldwide prevalence expected to reach
115.4 million persons by 2050, representing an enormous societal and financial burden to
affected individuals, their families and the health care systems they will need to access [1].
Dementia due to Alzheimer’s Disease (AD) represents 50 to 70% of all dementia and thus,
successfully targeting this pathophysiology should help diminish the burden of dementia.
Therapeutic trials have, so far, had very limited success, likely because brain damage builds
up during a long preclinical phase [2] so that treatment starting at the time of the clinical
dementia diagnosis comes when those lesions are already irreversible. Historically,
visualization of AD neuropathology was only possible through post-mortem examination of
the brain, allowing a definite diagnosis. Recently, several biomarkers have become available
and allow assessment of the activity of AD pathophysiological processes in living patients,
before the onset of clinical dementia [3].

Among these hallmark pathophysiological processes, abnormal production and aggregation
of amyloid 8 (AB) isoforms (mainly A4, and AB4g) in the brain is one of the earliest,
beginning several decades before onset of clinical symptoms [4] and triggering a cascade of
events leading to synaptic loss, neuronal death and clinical dementia [5]. Thus, following the
activity of the amyloid process in asymptomatic subjects could be useful to select those
persons at higher risk of developing AD, for inclusion in clinical trials of putative treatments
for AD and in the future, for preventive interventions [6].

Currently, AP peptide concentrations are most frequently detected in body fluids, by
measuring AP levels in the cerebrospinal fluid (CSF), or through brain imaging of amyloid
deposition. CSF levels fall in parallel with increased brain deposition as AD pathology
accumulates and thus, can help refine the differential diagnosis in subjects with clinical
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dementia [7,8] and identify healthy elderly and individuals with mild cognitive impairment
(MCI) who are at high risk of developing AD in the future [9-11]. But lumbar puncture is
invasive and amyloid imaging expensive, restricting their wide-spread or frequent use in
large populations of asymptomatic subjects.

Given their greater accessibility, there is considerable interest in examining whether
circulating Ap levels correlate with AD risk. A recent meta-analysis by Koyama et al and
subsequent studies suggest such an association [12-15] but high inter-assay variability,
differences in study design and follow-up time have led to significant heterogeneity and
conflicting results [14, 16].

In order to help clarify this matter, we measured plasma AB1.42 and AB1_49 in a prospective,
community-based, cohort under ongoing surveillance for AD, using a validated,
commercially available amyloid assay. Our main objective was to assess longitudinal
associations between plasma A peptides levels and risk of incident dementia and AD in our
study. Our secondary objective was to update the meta-analysis published by Koyama et al
[14].

2.1. Study Sample

The Framingham Heart Study (FHS) is an ongoing community-based prospective cohort
study of cardiovascular disease and its risk factors. It was initiated in 1948 with the
enrollment of 5209 women and men aged 28 to 74 years (Original Cohort) [17]. Original
cohort participants are reassessed biennially at a comprehensive core examination and have
been examined 31 times to date [18]. In 1971, offspring of the original cohort and the
spouses of these offspring (n = 5124, age 5-70 years, 3548 biological offspring, 1576
offspring spouses) were enrolled in the Framingham Offspring Cohort [19]. They have been
examined every 4 to 8 years since, 9 times to date, for a core examination [20]. In addition,
both cohorts have been under ongoing surveillance for cognitive decline and dementia since
1975.

A total of 4,039 participants who attended the 23rd Original cohort examination (1992—
1996, n=772) or the 7th Offspring examination (1998-2001, n=3267) had plasma Ap1.4» and
AP1.40 measured. We excluded participants aged < 60 years (n=1532) as they were unlikely
to develop late-onset Alzheimer’s disease, and to be more consistent with other studies. We
also excluded participants with prevalent dementia (n=42) or with no follow-up (n=276),
yielding a subsample of 2189 participants for longitudinal assessment of dementia and
Alzheimer’s disease risks related to plasma Ap concentrations.

The study protocol was approved by the Institutional Review Board of the Boston
University Medical Center and all participants provided written informed consent.

2.2. Plasma AB Assessment

EDTA plasma specimens used for the Ap analyses were drawn into K3-EDTA evacuated
specimen tubes, in the early afternoon in a supine nonfasting state for Original cohort, and in
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the morning in a supine fasting state for Offspring cohort. Specimen tubes were centrifuged
for 30 minutes at 1850¢ at 4 degrees Celsius. Plasma was then separated from cells after
centrifugation and placed at —80 degrees Celsius, within 90 minutes of venipuncture. The
original aliquots consisted of 2mL of plasma in 3mL cryogenic storage vials for Original
cohort samples and 700 pL of plasma in 1mL cryogenic storage vials for Offspring cohort
samples. All specimens were stored at —80 degrees Celsius until they were aliquoted in
March 2012 to be frozen and shipped for the assay. Therefore, specimens were thawed once
prior to A measurement. New aliquots consisted of 150 uL of plasma in 0.5 mL cryogenic
storage vials. All samples were analyzed at the Department of molecular pharmacology and
experimental therapeutics of the Mayo Clinic, Jacksonville, FL, from June to August 2012.
Quantification of AP isoforms in plasma was performed using INNO-BIA plasma Af forms
assays (Innogenetics, Ghent, Belgium), which is a multiplex microsphere-based Luminex
XMAP technique that allows simultaneous analysis of ABq_4g and AB1.42 [21].
Measurements were done in duplicate in a randomly selected sample representing 9% of all
samples. Intra-assay coefficients of variations (CV) for AB1.49 and ABq.4o were 3.2% and
2.6% and inter-assay CVs were 10.5% and 7.6%, respectively. Analysis of 146 phantom
samples showed intraclass correlation coefficients of 0.916 and 0.943 and CV of 4.8% and
3.5%, respectively.

2.3. Dementia and Alzheimer’s Disease Diagnosis

We screened participants at each examination for possible cognitive decline through a
number of mechanisms, including an administration of the Folstein Mini-Mental Status
Examination (MMSE) [22], Briefly, a MMSE score below the education-specific cutoff
score (which ranged from <26 in college-educated persons to <23 in persons with less than a
high school education), a decline of 3 or more points between two successive
administrations, or a decline of more than 5 points compared with any previous examination
prompted further in-depth testing. Other mechanisms included referral by FHS staff and
physicians at regular clinic exams, by self, family or primary care physician, referral
following health updates or ancillary studies by other FHS working groups, and referral
based on performance on two neuropsychological test batteries administered 6 years apart to
most participants as part of an independent initiative [20, 23]. Participants with a stroke
diagnosis were also examined at 6, 12 and 24 months for possible cognitive decline. Persons
“flagged” as having possible MCI or otherwise being at risk for developing dementia
underwent a more detailed neuropsychological evaluation, including the Logical Memory
test from the Wechsler Memory Scale, the Similarities test from the Wechsler Adult
Intelligence Scale, the Trail-Making Tests A and B, Boston Naming Test, Controlled Word
Association Test, Hooper Visual Organization Test, Clock Drawing Test, and Wide Range
Achievement Test. A neurological examination was also performed, blinded from the
neuropsychological evaluation results. If the neuropsychological testing or neurological
evaluation suggested a decline in cognitive function, and other sources of data could not
clarify if the person had MCI or AD, we administered a structured family interview and all
persons were assigned a Clinical Dementia Rating [24] scale score. We then determined
whether each person fulfilled criteria for a diagnosis of dementia, the probable date of onset
and type of dementia at a consensus review conducted by a panel comprising at least one
behavioral neurologist and one neuropsychologist. The panel reviewed all available records
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including examinations by FHS investigators, hospital and nursing home records, data from
structured family interviews, imaging and when available, autopsy data. Participants with
dementia met criteria outlined in the Fourth edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-1V) criteria [25], and were required to have symptoms for at
least 6 months. Participants with AD met National Institute of Neurological and
Communicative Diseases and Stroke/Alzheimer’s Disease and Related Disorders
Association criteria for definite, probable or possible AD [26]. For the present analyses, data
for incident dementia obtained till December 2012 were used.

2.4, Statistical Analysis

We log-transformed plasma AP levels (AB1.42, AB1-40) in order to account for the skewness
of their distributions. Plasma Ap ratio was computed as [AP1-42/AP1-40], and then log-
transformed. Plasma AP levels were either studied as a continuous variable and in that case
were also standardized to reflect risk associated with a difference of 1 standard deviation
(SD) in baseline levels, or as quartiles.

Longitudinal associations of plasma Ap levels with risk of incident dementia and AD were
assessed using Cox regression models. In the dementia analysis, participants were followed
from the baseline examination until they developed dementia, died or had been followed for
10-years. Persons whose cognitive status at 10 years after baseline was not known were
censored at the time they were last documented to be free of dementia (n=960). In the AD
analysis, additional right censoring at time of other dementia diagnosis was performed.
Successive adjustment strategies were used, namely: adjustment for age and gender (Model
A); further adjustment for education, APOE &4 status (model B); and for prevalent
hypertension, diabetes and cardiovascular disease, current smoking, total cholesterol levels
and being in the top sex-specific quartile of waist-hip ratio (model C). In threshold models,
the survival without AD was also estimated from model A within each quartile of plasma Ap
levels. We also performed adjustment for creatinine levels in a sensitivity analysis, as data
were not available in all participants (n=2018). We computed Spearman correlation
coefficients of creatinine levels with plasma AB concentrations, and a Cox regression model
adjusted for age, gender and creatinine levels (model A+). We could not adjust for platelet
counts as these had not been measured at the same examinations as plasma Ap levels.

We then examined whether plasma A concentrations improved AD risk prediction when
added to models with age, gender, education and APOEe4 by computing continuous net
reclassification improvement (NRI) and integrated discrimination improvement (IDI) [27,
28]. Those measures and their confidence intervals were estimated using bootstrap to
account for the risk of overfitting, and interpreted by comparing their values to simulated
data [29], Briefly, we used 1D1~20.004 and NRI~0.16, ID1~0.024 and NRI~0.40 and
ID1~20.06 and NRI~20.62 to characterize small, moderate, and large improvements,
respectively. Finally, we updated the results of the meta-analysis published by Koyama et al
[14]. Using the same selection of prospective cohorts, we first extracted hazard ratios of
incident AD or dementia and their 95% confidence intervals from minimally adjusted
models comparing lowest versus highest quantiles (quartiles or tertiles) of plasma AB1.42
levels, plasma ABq_4q levels or plasma AB1.42/AB1.40 ratio. In addition to our results and

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chouraki et al.

3 Results

Page 6

those published by Shah et al [15], and Lui et al [12], we contacted three previously
published studies, including Shah et al, that had measured plasma Af levels, to obtain
unpublished hazard ratios [13, 15, 30]. Lastly, we performed fixed- and random-effect meta-
analyses, and evaluated heterogeneity using the 12 measure.

Cox regression analyses were performed using Statistical Analysis System software version
9.2 (SAS Institute, Cary, NC). Meta-analyses were performed using R version 3.02 and the
metafor package [32]; the latter were also used to create survival curves and forest plots.

After up to 10 years of follow-up (mean time + standard deviation: 7.6 £ 3.0 years; median
time: 9 years), 237 participants were diagnosed with dementia (194 had AD). The main
characteristics of the study population are summarized in table 1.

Longitudinal associations between plasma Ap levels and risk of incident AD and dementia
are presented in table 2. Increased plasma AB1.42 levels were associated with lower risks of
incident AD and dementia after adjustment for age and gender. An increase of one standard
deviation of plasma AP_42 levels was associated with a decrease of 21% in incident AD risk
(hazard ratio (HR)=0.79; 95% confidence interval (Cl) [0.69-0.90]; p=3.00 x 107%4) and
20% in incident dementia risk (HR=0.80; 95% CI [0.71-0.90]; p=2.00 x 107%4). Risks of
AD by quartiles of plasma AB1.42 levels are presented in table 2 and figure 1. Compared to
participants from the fourth quartile (highest levels), participants from the first quartile of
plasma AB1.42 had a greater than two-fold risk of AD (HR=2.46; 95% CI [1.60-3.78]) and
dementia (HR=2.20; 95% CI [1.51-3.20]). Similar, although weaker, associations were
observed for plasma APB1.42/AB1.40 ratio. No statistically significant association was
observed for plasma AB1_4q levels.

Associations between plasma AB_4, levels and incident AD and dementia remained
significant after additional adjustment for APOE &4 status, education, hypertension,
diabetes, cardiovascular disease, current smoking, total cholesterol levels and waist-hip
ratio, and hazard ratios remained stable (see table 2). Similarly, associations between plasma
APB1.42/AP1-40 ratio and incident AD remained significant and hazard ratios remained stable.
Conversely, associations between plasma AP1.42/AB1-49 ratio and incident dementia became
non-significant in Model C. Plasma A levels presented low correlation with creatinine
levels, with Spearman coefficients of 0.09, 0.19 and —-0.07 for Ap1-42, AB1-40 and
AP1.42/AP1-49 ratio, respectively. Adjustment for creatinine levels in addition to age and
gender did not modify the estimation of hazard ratios (see supplementary Table).

Improvement of AD risk prediction related to plasma A concentrations is illustrated in
table 3. Addition of plasma ApB1.42 concentrations to a model including age, gender,
education and APOEe4 status significantly improved AD risk prediction, but the magnitude
of this improvement was small to moderate, with a continuous IDI of 0.0105 (95%
CI=[0.0036-0.0184]), and a continuous NRI of 0.2592 (95% CI=[0.1152-0.3980]). Updated
meta-analyses of reported associations of plasma AP.42 levels, plasma AB1.4g levels and
plasma AB1.42/AB1-49 ratio and incident AD and dementia are shown in figure 2. Despite
high heterogeneity among the cohorts, combining our data with published results from Lui

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chouraki et al.

Page 7

et al and Shah et al, and unpublished results from Shah et al, Hansson et al, and Lambert et
al, confirmed the associations between plasma AB1.42/AP1-49 ratio and incident AD and
dementia, with random-effect pooled HRs of 1.49 (95% CI=[1.17-1.91]; p=1.39 x 10793;
12=36.71%) and 1.53 (95% CI=[1.09-2.15]; p=1.38 x 10792; 12=70.74), respectively. The
association of plasma AB.42 levels and incident AD remained non-significant (pooled
HR=1.28; 95% CI=[0.82-1.99]; p=2.79 x 10792 12=80.86%), and became significant with
incident dementia (pooled HR=1.42; 95% CI=[1.03-1.96]; p=3.35 x 10792; 12=68.42%),
when compared with the previous meta-analysis. The associations of plasma ABq_4q levels
and incident AD and incident dementia were non-significant (pooled HR=1.31; 95%
Cl=[0.88-1.93]; p=1.79 x 1079%; 12=74.13% and pooled HR=1.19; 95% CI=[0.78-1.81];
p=4.27 x 10701; 12=82.33%, respectively).

4 Discussion

This study represents one of the largest prospective studies of plasma Ap levels and risk of
incident AD and dementia to date. We found a significant association between low plasma
AP1.47 levels and AB1.42/AB1-40 ratio and higher risk of incident AD and dementia.
Combining our results with the existing literature confirmed the associations of plasma
AP1.42/AP1-49 ratio with incident AD and dementia, despite high heterogeneity.

Low plasma AB1.42 levels were associated with higher risk of incident AD and dementia in
the Framingham cohorts. Conversely, we found no significant association using plasma
AB1.49 levels. Association of plasma Ap levels with risk of AD and dementia has been
debated, due to contradictory results ranging from protective to deleterious, including
absence of associations [12-16]. Our results add a new piece of evidence in favor of this
association, allowing better estimation of the direction of this association. AB4, peptides are
suspected to be more prone to aggregate and to exert deleterious effects on neurons, than
APy4o peptides [33]. The significant association we found between plasma ABq_42/AB1-40
ratio and incident AD and dementia, although weaker than with plasma ApB1.42, supports the
hypothesis that AD results from an imbalance between AB1.42 and AB1.4¢ peptides. The
direction of the observed associations is compatible with the hypothesis that late-onset AD
results from impaired AP clearance from the brain, as opposed to autosomal dominant or
Down syndrome forms of AD, in which a relative overproduction of AB;.4> peptides seems
to be involved [34]. Furthermore, the observed associations were noted over a long period of
follow-up and consistent with the theory that alterations in Ap peptides are an early event in
the pathophysiology of AD [2]. Part of the A pool in plasma could come from platelets
[35], and whether plasma Af can reflect the aggregation of Af in the brain is still debated. In
favor of the latter are recent reports of associations of low plasma AB1-42/AB1-4¢ ratio with
increased amyloid brain uptake, as measured by Pittsburgh compound B (PiB) PET scan
[36-38]. Brain PiB PET was not available in FHS at the time of this study and we could not
adjust for platelet counts as they had been measured at different exams. Moreover, given
that the vast majority of dementia cases were Alzheimer’s disease in FHS, it is difficult to
assess the specificity of plasma Ap levels to AD. In the meta-analysis, effect sizes tended to
be higher with dementia than AD, but as the set of studies used differed and the confidence
intervals greatly overlapped, further studies are needed to answer this question, especially
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since AP levels are much more likely to reflect the mechanistic pathway for AD than other
dementias.

Updated meta-analysis confirmed the associations of plasma AB1.42/AB1.49 ratio with
incident AD and dementia, and association of plasma AB4.4» levels with incident dementia
became significant. Despite these improved results, high heterogeneity was important in all
meta-analyses. Differences in blood sampling (fasting versus non fasting, time of the day,
tube used for collecting blood) and storage protocols may account for a substantial portion
of the observed heterogeneity [16]. Moreover, assays may differ in their capacity to capture
AP peptides, and most of them can only detect free, circulating monomers, which represent
less than 50% of all circulating AB peptides [39]. Finally, sample size, follow-up time and
analysis strategies may also generate differences in association estimates. Furthermore, other
studies of interest could not be included in this meta-analysis as they did not report risk of
AD or dementia according to quantiles of plasma AP levels [40-42], In 274 non-demented
participants from the Cardiovascular Health Study, Lopez et al reported high plasma Af
levels and ratio at baseline in those with incident dementia after 4.5 years of follow-up, but
those results became not significant after multivariable adjustment [41]. In 585 participants
from the Vienna Transdanube Aging study, Blasko et al reported higher levels of plasma
AB4o in cognitively normal participants who converted to MCI or AD after 2.5 years of
follow-up compared to participants who remained cognitively stable [40]. In the
Alzheimer’s Disease Neuroimaging Initiative, no significant association between plasma A
levels or ratio and convertion to MCI/AD was reported [42], Therefore, there is a need for
standardized protocols for blood sampling and storage, improved assays and collaborative
efforts of analysis, re-analysis and meta-analysis to tackle the heterogeneity problems that
have hampered the study of plasma AP peptides so far.

Study of net reclassification improvement and integrated discrimination improvement
showed a modest improvement in prediction of AD risk over the integrative predictive value
of age, gender, education, and APOEe4. These results suggest that plasma A concentrations
could be used as a biomarker for risk prediction of AD and dementia, more likely as part of
a panel of relevant biomarkers. A study has recently observed that using plasma Ap
concentrations in combination with other plasma biomarkers improved prediction of
neocortical Ap burden over age, APOEe genotype and Clinical Dementia Rate Scale sum of
boxes [43].

Our study has several strengths: with more than 2000 participants, it is one of the largest
studies of plasma AP levels to date. The Framingham Heart Study is a prospective cohort,
with a long period of follow-up, and, as a single center study, had homogeneous and
standardized procedures for dementia assessment. We used a commercially available assay
of plasma AB levels, which, we hope, will facilitate reproducibility of our results and meta-
analysis. Finally, we tried to account for possible confounding factors in our statistical
analysis.

The main limitations include the differences in blood sampling conditions between the
Original and the Offspring cohorts, which could confound the real association between
plasma AP levels and risk of AD and dementia, the largely European sample, which limits
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generalizability to other ethnicities, and the lack of repeated measures of plasma AB
concentrations. AP aggregation is a slow and dynamic process and repeated measures may
better estimate the risk of incident AD as well as the best timing for preventive intervention
[44].

Overall, these results suggest that lower plasma Ap42 and AB40 levels precede and are
associated with risk of incident AD and dementia. They encourage further evaluation of
plasma amyloid B levels as a potential biomarker for preclinical AD and risk of developing
clinical AD and dementia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the dedication of the Framingham Heart Study participants.
Funding/Support
Framingham Heart Study

This work received support from the National Heart, Lung and Blood Institute’s Framingham Heart Study (contract
no. NO1-HC-25195) and grants from the National Institute of Neurological Disorders and Stroke (NS17950) and the
National Institute of Aging (AG08122, AG16495 and AG033193).

Honolulu Asia Aging Study

This work was supported by the National Institutes of Health (National Institute on Aging contract NO1-
AG-4-2149, Cooperative Agreements 5U01AG017155-09 and 5U01AG019349-08, and the Intramural Research
Program of the National Institutes of Health and with resources at the Veterans Affairs Pacific Islands Health Care
System). The information contained in this article does not necessarily reflect the position or the policy of the US
government, and no official endorsement should be inferred.

Three City Study

The Three-City Study was performed as part of a collaboration between the Institut National de la Santé et de la
Recherche Médicale (INSERM), the Victor Segalen-Bordeaux Il University, and Sanofi- Synthelabo. The
Fondation pour la Recherche Médicale funded the preparation and initiation of the study. The 3C Study was also
funded by the Caisse Nationale Maladie des Travailleurs Salariés, Direction Générale de la Santé, MGEN, Institut
de la Longevité, Agence Francaise de Securité Sanitaire des Produits de Santé, the Aquitaine and Bourgogne
Regional Councils, Fondation de France, and the joint French Ministry of Research/INSERM “Cohortes et
collections de données biologiques” program. Lille Génopole received an unconditional grant from Eisai. This work
was additionally funded by the CNRS, the Nord Pas-de-Calais Regional Council, the European Regional
Development Fund, and grants from INSERM-DHOS-INCA (Project AO8037ECS) and the European Community’s
cNEUPRO programme (contract LSHM-CT-2007-037950).

Prospective Population Study of Women and Gerontological (PPSW) and Geriatric Population (H70) Studies
This work was supported by the Swedish Research Council; Swedish Brain Power; ALF funding for medical

training and research; the Torsten and Ragnar Sdderberg Foundation; Hans-Gabriel & Alice Trolle-Wachtmeisters
foundation for medical research; State University of New York Research Foundation.

References

1. World Health Organization and Alzheimer’s Disease International. Dementia: A Public Health
Priority. 2012.

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chouraki et al.

Page 10

. Jack CR, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS, et al. Tracking

pathophysiological processes in Alzheimer’s disease: an updated hypothetical model of dynamic
biomarkers. Lancet Neurol. 2013; 12:207-216. [PubMed: 23332364]

. Henry MS, Passmore AP, Todd S, McGuinness B, Craig D, Johnston JA. The development of

effective biomarkers for Alzheimer’s disease: a review. Int J Geriatr Psychiatry. 2013; 28:331-340.
[PubMed: 22674539]

. Bateman RJ, Xiong C, Benzinger TLS, Fagan AM, Goate A, Fox NC, et al. Clinical and Biomarker

Changes in Dominantly Inherited Alzheimer’s Disease. N Engl J Med. 2012

. Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: progress and problems on the

road to therapeutics. Science (80-). 2002; 297:353-356.

. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al. Toward defining the

preclinical stages of Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement. 2011; 7:280-292. [PubMed: 21514248]

. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of mild

cognitive impairment due to Alzheimer’s disease: recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011; 7:270-279. [PubMed: 21514249]

. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH, et al. The diagnosis of

dementia due to Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement. 2011; 7:263-269. [PubMed: 21514250]

. Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K, Minthon L. Association between

CSF biomarkers and incipient Alzheimer’s disease in patients with mild cognitive impairment: a
follow-up study. Lancet Neurol. 2006; 5:228-234. [PubMed: 16488378]

10. Visser PJ, Verhey F, Knol DL, Scheltens P, Wahlund L-O, Freund-Levi Y, et al. Prevalence and

prognostic value of CSF markers of Alzheimer’s disease pathology in patients with subjective
cognitive impairment or mild cognitive impairment in the DESCRIPA study: a prospective cohort
study. Lancet Neurol. 2009; 8:619-627. [PubMed: 19523877]

11. Vos SJ, Xiong C, Visser PJ, Jasielec MS, Hassenstab J, Grant EA, et al. Preclinical Alzheimer’s

disease and its outcome: a longitudinal cohort study. Lancet Neurol. 2013; 12:957-965. [PubMed:
24012374]

12. Lui JK, Laws SM, Li Q-X, Villemagne VL, Ames D, Brown B, et al. Plasma amyloid-beta as a

biomarker in Alzheimer’s disease: the AIBL study of aging. J Alzheimers Dis. 2010; 20:1233-
1242. [PubMed: 20413897]

13. Hansson O, Stomrud E, Vanmechelen E, Ostling S, Gustafson DR, Zetterberg H, et al. Evaluation

of plasma Ap as predictor of Alzheimer’s disease in older individuals without dementia: a
population-based study. J Alzheimers Dis. 2012; 28:231-238. [PubMed: 21955816]

14. Koyama A, Okereke Ol, Yang T, Blacker D, Selkoe DJ, Grodstein F. Plasma Amyloid- as a

Predictor of Dementia and Cognitive Decline: A Systematic Review and Meta-analysis. Arch
Neurol. 2012

15. Shah NS, Vidal J-S, Masaki K, Petrovitch H, Ross GW, Tilley C, et al. Midlife blood pressure,

plasma B-amyloid, and the risk for Alzheimer disease: the Honolulu Asia Aging Study.
Hypertension. 2012; 59:780-786. [PubMed: 22392902]

16. Toledo JB, Shaw LM, Trojanowski JQ. Plasma amyloid beta measurements - a desired but elusive

Alzheimer’s disease biomarker. Alzheimers Res Ther. 2013; 5:8. [PubMed: 23470128]

17. DAWBER TR, MEADORS GF, MOORE F. Epidemiological approaches to heart disease: the

Framingham Study. Am J Public Health Nations Health. 1951; 41:279-281. [PubMed: 14819398]

18. Farmer ME, White LR, Kittner SJ, Kaplan E, Moes E, McNamara P, et al. Neuropsychological test

performance in Framingham: a descriptive study. Psychol Rep. 1987; 60:1023-1040. [PubMed:
3628637]

19. Feinleib M, Kannel WB, Garrison RJ, McNamara PM, Castelli WP. The Framingham Offspring

Study. Design and preliminary data. Prev Med. 1975; 4:518-525. [PubMed: 1208363]

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chouraki et al.

Page 11

20. Au R, Seshadri S, Wolf PA, Elias M, Elias P, Sullivan L, et al. New norms for a new generation:
cognitive performance in the framingham offspring cohort. Exp Aging Res. 2004; 30:333-358.
[PubMed: 15371099]

21. Blennow K, De Meyer G, Hansson O, Minthon L, Wallin A, Zetterberg H, et al. Evolution of
Abetad?2 and Abeta40 levels and Abeta42/Abeta40 ratio in plasma during progression of
Alzheimer’s disease: a multicenter assessment. J Nutr Health Aging. 2009; 13:205-208. [PubMed:
19262954]

22. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state” A practical method for grading the
cognitive state of patients for the clinician. J Psychiatr Res. 1975; 12:189-198. [PubMed:
1202204]

23. Au R, Seshadri S, Knox K, Beiser A, Himali JJ, Cabral HJ, et al. The Framingham Brain Donation
Program: neuropathology along the cognitive continuum. Curr Alzheimer Res. 2012; 9:673-686.
[PubMed: 22471865]

24. Berg L. Clinical Dementia Rating (CDR). Psychopharmacol Bull. 1988; 24:637-639. [PubMed:
3249765]

25. American Psychiatric Association and American Psychiatric Association. Task Force on DSM-IV.
Diagnostic and statistical manual of mental disorders: DSM-1V. 1994.

26. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical diagnosis of
Alzheimer’s disease: report of the NINCDS-ADRDA Work Group under the auspices of
Department of Health and Human Services Task Force on Alzheimer’s Disease. Neurology. 1984;
34:939-944. [PubMed: 6610841]

27. Pencina MJ, D’Agostino RB, D’Agostino RB, Vasan RS. Evaluating the added predictive ability
of a new marker: from area under the ROC curve to reclassification and beyond. Stat Med. 2008;
27:157-72. discussion 207-12. [PubMed: 17569110]

28. Pencina MJ, D’ Agostino RB, Steyerberg EW. Extensions of net reclassification improvement
calculations to measure usefulness of new biomarkers. Stat Med. 2011; 30:11-21. [PubMed:
21204120]

29. Pencina MJ, D’Agostino RB, Pencina KM, Janssens ACJW, Greenland P. Interpreting incremental
value of markers added to risk prediction models. Am J Epidemiol. 2012; 176:473-481. [PubMed:
22875755]

30. Lambert J-C, Schraen-Maschke S, Richard F, Fievet N, Rouaud O, Berr C, et al. Association of
plasma amyloid beta with risk of dementia: the prospective Three-City Study. Neurology. 2009;
73:847-853. [PubMed: 19752451]

31. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing; Vienna, Austria: 2013.

32. Viechtbauer W. Conducting Meta-Analyses in R with the metafor. Package Journal of Statistical
Software. 2010; 36:1-48.

33. Jarrett JT, Berger EP, Lansbury P. The carboxy terminus of the beta amyloid protein is critical for
the seeding of amyloid formation: implications for the pathogenesis of Alzheimer’s disease.
Biochemistry. 1993; 32:4693-4697. [PubMed: 8490014]

34. Lambert J-C, Amouyel P. Genetics of Alzheimer’s disease: new evidences for an old hypothesis?
Curr Opin Genet Dev. 2011; 21:295-301. [PubMed: 21371880]

35. Chen M, Inestrosa NC, Ross GS, Fernandez HL. Platelets are the primary source of amyloid beta-
peptide in human blood. Biochem Biophys Res Commun. 1995; 213:96-103. [PubMed: 7639768]

36. Devanand DP, Schupf N, Stern Y, Parsey R, Pelton GH, Mehta P, et al. Plasma A and PET PiB
binding are inversely related in mild cognitive impairment. Neurology. 2011; 77:125-131.
[PubMed: 21715709]

37. Rembach A, Watt AD, Wilson WJ, Villemagne VL, Burnham SC, Ellis KA, et al. Plasma
Amyloid-f Levels are Significantly Associated with a Transition Toward Alzheimer’s Disease as
Measured by Cognitive Decline and Change in Neocortical Amyloid Burden. J Alzheimers Dis.
2013

38. Swaminathan S, Risacher SL, Yoder KK, West JD, Shen L, Kim S, et al. Association of plasma
and cortical amyloid beta is modulated by APOE ¢4 status. Alzheimers Dement. 2013

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chouraki et al.

39.

40.

41.

42.

43.

44,

Page 12

Pesini P, Pérez-Grijalba V, Monleén |, Boada M, Tarraga L, Martinez-Lage P, et al. Reliable
Measurements of the f-Amyloid Pool in Blood Could Help in the Early Diagnosis of AD. IntJ
Alzheimers Dis. 2012; 2012:604141. [PubMed: 22957297]

Blasko I, Jellinger K, Kemmler G, Krampla W, Jungwirth S, Wichart I, et al. Conversion from
cognitive health to mild cognitive impairment and Alzheimer’s disease: prediction by plasma
amyloid beta 42, medial temporal lobe atrophy and homocysteine. Neurobiol Aging. 2008; 29:1-
11. [PubMed: 17055615]

Lopez OL, Kuller LH, Mehta PD, Becker JT, Gach HM, Sweet RA, et al. Plasma amyloid levels
and the risk of AD in normal subjects in the Cardiovascular Health Study. Neurology. 2008;
70:1664-1671. [PubMed: 18401021]

Toledo JB, Vanderstichele H, Figurski M, Aisen PS, Petersen RC, Weiner MW, et al. Factors
affecting Ap plasma levels and their utility as biomarkers in ADNI. Acta Neuropathol. 2011;
122:401-413. [PubMed: 21805181]

Burnham SC, Faux NG, Wilson W, Laws SM, Ames D, Bedo J, et al. A blood-based predictor for
neocortical AR burden in Alzheimer’s disease: results from the AIBL study. Mol Psychiatry. 2013
Rissman RA, Trojanowski JQ, Shaw LM, Aisen PS. Longitudinal plasma amyloid beta as a
biomarker of Alzheimer’s disease. J Neural Transm. 2012; 119:843-850. [PubMed: 22354745]

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnuepy Joyiny 1duosnuey Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Chouraki et al.

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.

Page 13




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chouraki et al.

Survival without Alzheimer's Disease

Persons at Risk

Page 14

AB1-a2 AB1-40 AB1-42 / AB1-40 Ratio
1.00 4 1.00 o 1.00 o
0.8 o 0.98 o 0.8 -
2 2
g ]
096 & 096 £ 06 -
E] B
E E
§ s
0.4 § 094 4 § 094
< <
5 5
2 2
092 2 092 4 2 092 o
g g
2 \ 2
@ t Q2 @
0.90 4 0.90 0.90 o
— Quartile 1: 1065 APys; < 375 — Quartilet:  80< AR <1427 — Quartile 1:0.096< ABratio <0234
— - Quartie2: 3755 APyg < 44.0 - - Quartile2: 1427< Ay 4o <1636 — - Quartile 2:0234< ABratio <0269
088 o -+ - Quartile 3 440< Ay s < 508 088 - -+ - Quartile 3: 1636< APy 4 <1854 088 < - - - Quartile 3:0269< ABratio <0.308
- = Quartie 4 508< APy <1274 .= Quartile4: 185.4< Ay <9896 - = Quartile 4:0.308< ABratio <2.150
T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 5 8 10
Time since A Assessment (years) Time since A Assessment (years) Time since A Assessment (years)
aro 547 496 a2 419 200 222 3 Q1o 547 487 465 423 302 252 $ Q1o 547 78 44 403 281 217
[ [
Qo st 504 467 418 310 262 5 Q2o 547 508 485 435 335 269 5 Q2o 547 495 461 400 288 23
Q3 4 541 485 454 413 302 251 § Q3 4 548 499 473 428 309 249 é Q34 548 510 484 434 328 273
Qa4 ss0 403 an 26 316 257 & aid sa7 a4 aa1 390 2 22 & s w7 495 465 430 321 266

Figure 1.
Survival without Alzheimer’s disease according to quartiles of plasma AB1.42, AP1-49 and

AB1-42/AB1-40 ratio
NOTES. Survival is derived from a Cox model adjusted for age and gender. 95% confidence
intervals are represented for first and fourth quartiles.
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Table 1

Characteristics of the study population at baseline

Population at risk for dementia (n=2189)

General characteristics

Age, years, mean (standard deviation)
Women, % (N)

Education, % (N)

No high school degree

High school degree

Some college

College graduate

APOE &4 genotype : = 1 APOE ¢4 allele, %
Confounders

Hypertension, % (N)

Cardiovascular disease, % (N)

Smoking, % (N)

Total cholesterol, mg/dL, mean (standard deviation)
Diabetes, % (N)

Plasma AB levels

AB1.4, levels (pg/mL)*

ABr.qp levels (pg/mL)™

AB1 4o/ APy 4o ratio™

72.16 (7.57)
56.28 (1232)

12.84 (276)
34.74 (747)
26.65 (573)
25.77 (554)
21.51 (465)

61.17 (1359)
24.17 (529)
7.59 (166)

201.19 (36.63)
15.12 (327)

44.0 (37.5-50.8)
163.6 (142.7-185.4)

0.268 (0.234-0.308)

mean (standard deviation) are presented unless otherwise stated

*
Those variables were log-transformed in the analyses. Thus, the median (interquartile range) is used instead of mean (standard deviation)

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.

Page 16



Page 17

Chouraki et al.

Author Manuscript

Japuab pue abe oy paisnipe ;v |9pON
*

S[apowW UoIssaiBal X0D) Ul Payen|ens a19Mm anfeA-d pue S[eAIsiUl 30USPIU0D ‘SOlel pezeH “J 10N

30UBIBJ3Y “49Y ‘|BAJBIUI BOUBPLIUOD %S6 1D %S6 ‘UOHRIASP PIepuels ‘s 0llel piezeH "yH ‘9sessip s JaWisyz|y ‘Qy :UoHeIABIqqY

1oy [e6'1-9801 62T [98T-.801 12T [0T2-66'01 ¥v'T 20-0Tx.G8 [20'T-8,°0] 680 enuswag

19y [66'1-18°01 22T [60c-16'0] 8¢T [0VZ—SO'T] 69T 20-0Tx2LC [86°0-€L0] G80 av  onel Wiy Rridy

1oy [1z2-e0T] €51 [60C-v60] OFVT [282-2€Tl S6'T e0-0TX0CT [26'0-220] 7180 enuswa@

19y [s2z—zrtl Gr1 [€92-90T] 19T [85e—6v' Tl 1€C 0-0Tx00S [06'0-89'0] 620 av gy

1oy [ozz-to1]l 6vT [162-02T] €21 [€T2-2601 ¥v'T 10-0Txv¥'T [€0'T-T80] 260 enuswag

19y [ooz-e80] 62T [8L¢-L2T] 88T [10Z—+¥80] 0€T 10-0Tx82C [S0T-T8'0] 260 av o Tgy
+0 3P0

gEX| [e61-0601 2eT [00Cc-G6'0]1 8T [212-T0T] LPT 20-0Tx8C% [00T-22'0] 180 enusweq

Jod [61-v80] 62T [zzz—860] L¥T [882-S0'T] 85T 2-0TxSST [16'0-220] ¥80 av  ones gy eridy

gEX| [ovz-tr1]l €91 [92e-v0Tl €51 [10e-Tr'Tl 90C %-0Tx009 [16°0-¢2'0] 180 enusweq

Jod [28z-0z1] 981 [18c—LTT]l 18T [v9e—€5Tl 9€C 1%-0Tx00% [06'0-69°0] 6.0 av gy

gEX| [rezv01l €51 [9ge-vTTl v9T [2rz-660]1 S¥T 10-0TxS9T [e0'T—¢80] 260 enusweq

Jod [roz-9801 €€T [z9c-1eTl 8.1 [667-680] 0€T 10-0TxTGC [G0T-T80] €60 av ooy
19 12poN

19y [voz-s601 6T [vTz—20T] 8rT [022-S0T] 29T 20-0TX€ELC [86'0-92°0] 980 enuswag

19y [erz-0601 8eT [8e2-G0T] 85T [6€2-90T] 69T 20-0Tx€CT [96°0-220] €80 av  onel Wiy Rridy

19y [rz-eT1l 99T [vze-€0Tl 291 [0ze-19T] 02¢C +0-0Tx00C [06'0-TL'0] 080 enuswag

Joy [ooe-9z1]l v6'1 [1828TT] 28T [8L€-09T] 9rc 1-0Tx00€ [06°0-69°0] 6.0 av gy

gEX| [orz-t01] 8v'1 [Lze-ortl 85T [6T2-€0T] 05T 10-0Tx9¢T [e0T-T80] 160 enusweq

19y [oe'1-v801 82T [16C-LTTl 12T [967-680]1 62T 10-0Tx65C [90T-18'0] €60 av oIy
LV 12poiN

UH 1D%S6 dH  10%S6 dH  10%S6  dH d 1D%S6  dH

v 8|aend € 8lend Z 8lend T 8|end (as 4ad) snonunuod

aseasIp S,JaWIBYZ]y Pue BIUSLWSP 1USPIdUI JO XS YL S|aAs] ¢ ewse|d JO UONBIJ0SSY

¢ ?olgel

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2016 March 01.

Alzheimers Dement. Author manuscript:



Page 18

Chouraki et al.

onres diy-1srem Jo aj1uenb

o13199ds-xas doi ayy Ul Bulag pue ‘s|aAs] 10J31SaI0YD [B10} ‘BUIYOWS 1UBLIND ‘aseasIp JeinaseAoIpIed pue saleqelp ‘uoisusladAy wsfenaid ‘sniels 43 3OdY ‘uoneanpa ‘1apush ‘abe 1oy parsnipe :D _%o_\,_H

snyels 3 JOdV pue uoieanps ‘1apuab ‘abe 1oy paisnipe :g _%oS;

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Alzheimers Dement. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Chouraki et al. Page 19

Table 3

Alzheimer’s disease risk prediction improvement of plasma AB1.42 and ABq.49 levels

AB1-40 - Continuous (SD) AB1-40 - Q4 vs Q123 AB1-42 — Continuous (SD) AB1-42 - Q4 vs Q123

Continuous
IDI [95% CI] 0.0015 [-0.0011-0.0043] 0.0062 [-0.0005-0.0130] 0.0105 [0.0036-0.0184] 0.0046 [-0.0032-0.0127]
NRI [95% Cl] 0.1632 [0.0154-0.2976] 0.0338 [-0.0929-0.1594] 0.2592 [0.1152-0.3980] 0.1298 [0.0198-0.2437]

Abbreviations: SD, Standard deviation; Q4, 4th quartile; Q123, combined 1st, 2nd and 3rd quartiles, IDI, Integrated discrimination improvement;
NRI, Net reclassification improvement; 95% CI, 95% Confidence interval

NOTE. Improvement was evaluated when adding the measure of interest in a Cox regression model of risk of incident Alzheimer’s disease
adjusted for age, gender, education and APOEe4
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