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ABSTRACT
BACKGROUND: Plasma amyloid b (Ab) (Ab42, Ab40, and Ab42/Ab40), biomarkers of the Alzheimer’s form of dementia,
are under consideration for clinical use. The associations of these peptides with circulating proteins may identify novel
plasma biomarkers of dementia and inform peripheral factors inﬂuencing the levels of these peptides.
METHODS: We analyzed the association of these 3 plasma Ab measures with 4638 circulating proteins among a
subset of the participants of the Atherosclerosis Risk in Communities (ARIC) study (midlife: n = 1955; late life: n =
2082), related the Ab-associated proteins with incident dementia in the overall ARIC cohort (midlife: n = 11,069, late
life: n = 4110) with external replication in the Age, Gene/Environment Susceptibility (AGES)–Reykjavik Study (n =
4973), estimated the proportion of Ab variance explained, and conducted enrichment analyses to characterize the
proteins associated with the plasma Ab peptides.
RESULTS: At midlife, of the 296 Ab-associated proteins, 8 were associated with incident dementia from midlife and
late life in the ARIC study, and NPPB, IBSP, and THBS2 were replicated in the AGES–Reykjavik Study. At late life, of
the 34 Ab-associated proteins, none were associated with incident dementia at midlife, and kidney function explained
10%, 12%, and 0.2% of the variance of Ab42, Ab40, and Ab42/Ab40, respectively. Ab42-associated proteins at midlife
were found to be enriched in the liver, and those at late life were found to be enriched in the spleen.
CONCLUSIONS: This study identiﬁes circulating proteins associated with plasma Ab levels and incident dementia
and informs peripheral factors associated with plasma Ab levels.
https://doi.org/10.1016/j.bpsgos.2022.04.005

Plasma amyloid b (Ab) peptides (Ab42, Ab40, and Ab42/Ab40)
are under consideration for clinical use as biomarkers of
Alzheimer’s disease (AD), the most common form of dementia
(1,2). While Ab40 is the most abundant Ab peptide, the
accumulation of Ab42 ﬁbrils in the brain is an early hallmark of
AD pathology (3). Lower plasma levels of Ab42 and Ab42/Ab40
have been associated with a higher risk for AD or dementia
(4,5), likely reﬂecting lower clearance of Ab42 from the
brain (6).
Ab peptides are cleaved from the protein encoded by Ab
precursor protein, which is expressed in a wide range of tissues (7,8). The circulating proteome consists of proteins that
are secreted as messengers, tissue leakage products, immunoglobulins, and transmembrane proteins that shed from cells
(9). Recently, high-throughput platforms have enabled studies
of the circulating proteome with some replicated results for
markers of dementia, such as natriuretic peptide B (10,11).
While the utility of these new circulating markers needs further
validation, identifying circulating proteins associated with
plasma Ab may reveal novel risk markers of dementia and
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increase our knowledge of the peripheral factors associated
with plasma Ab.
We conducted a large-scale cross-sectional proteomic
analysis of the 3 plasma Ab measures using 4638 proteins at
midlife and late life in a subset of the participants of the
Atherosclerosis Risk in Communities (ARIC) study (n = w2000 of
15,792) (12). We assessed the association of the Ab-associated
proteins with incident dementia in the overall ARIC cohort followed by replication in the Age, Gene/Environment Susceptibility
(AGES)–Reykjavik Study; quantiﬁed the proportion of Ab variances explained by demographic factors, kidney function, and
Ab-associated proteins; and characterized Ab-associated protein signals using enrichment analysis.

METHODS AND MATERIALS
Study Population for the Association Analysis of
Plasma Ab
The ARIC study enrolled 15,792 middle-aged adults from 4
U.S. communities (Washington County, Maryland; Forsyth
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County, North Carolina; Minneapolis, Minnesota; and Jackson,
Mississippi) in 1987–1989 (visit 1). Up to December 2017, 6
visits were completed. At visit 3 (1993–1995) and visit 5
(2011–2013), a subset of the participants (n = w2000) had
plasma Ab and circulating protein available. The ARIC study
was approved by each study site’s institutional review board.
All participants provided written informed consent.
The selection of the participants for measuring plasma
Ab was reported previously (5). Brieﬂy, at visit 5 (late life,
2011–2013; n = 6538), a subset of the participants were
selected for additional cognitive assessments (n = 3976). Of
these, plasma Ab measures were available among 2576
participants at midlife and 2570 participants at late life. After
excluding participants with missing data and those in racecenter too small for analysis, we included 1955 participants
at midlife and 2082 participants in late life. The number of
participants excluded in each category is reported in
Figure S1 in Supplement 1 for midlife and Figure S2 in
Supplement 1 for late life. The population characteristics
of the participants included and excluded from the analysis
in midlife and late life are reported in Table S1 in
Supplement 2.

Measurement of Plasma Ab, Circulating Proteins,
and Primary Covariates
Plasma samples were collected using EDTA tubes and stored
at 280  C until assayed based on a standardized protocol (13).
Plasma Ab assays were performed by the Department of
Molecular Pharmacology and Experimental Therapeutics at
The Mayo Clinic in Jacksonville, Florida, using the INNO-BIA
immunoassay (Innogenetics), which had coefﬁcients of variation (CVs) ranging from 1.9% to 7.2% for Ab42 and 3.0% to
7.3% for Ab40 (14). Samples with undetectable values were
imputed to the limit of detection (12 pg/mL for Ab42 and 15 pg/
mL for Ab40) (5).
Methods for the assay of circulating proteins at midlife and
late life have been reported previously (11). Brieﬂy, relative
concentration of 5284 proteins in relative ﬂorescence units
were quantiﬁed from plasma samples using SomaScan version
4, a modiﬁed aptamer-based platform, by SomaLogic, Inc.
(15,16). The quality control process of SomaLogic, Inc involved
normalization of the quantiﬁcation levels by plate and sample
followed by the protein levels from a pool of healthy control
subjects (16). The median CVs from blinded duplicates were
6.3% at midlife and 4.7% at late life. We excluded aptamers
having evidence for unspeciﬁc binding (n = 552, Table S2 in
Supplement 2), deprecated (n = 7), or CV .50% or a variance of ,0.01 on the log scale at either midlife or late life (n =
87). We included 4638 aptamers that quantiﬁed 4448 unique
proteins or protein complexes.
Among the variables used as covariates, age, sex, and
race were self-reported. Estimated glomerular ﬁltration rate
(eGFR) was calculated using the Chronic Kidney Disease
Epidemiology Collaboration equation with calibrated and
standardized serum creatinine (17,18). The ascertainment of
other variables used in the reporting of demographics or
sensitivity analysis are reported in Supplemental Methods in
Supplement 1.

2

Cross-sectional Association Analysis of Plasma Ab
Measures and Circulating Proteins
We report the Spearman correlations between the Ab measures. Population characteristics by median of the Ab measures were compared using t test for nonskewed continuous
variables, Kruskal-Wallis test for skewed continuous variables,
and c2 test for categorical variables.
Given the lack of absolute quantiﬁcation of the protein levels
and the fact that it is unknown whether the correspondence
between the relative unit and protein abundance at visits 3 and
5 was the same, we conducted the association analysis at
midlife and late life in separate regression models. Each protein
was used as the outcome with each Ab measure as the predictor of interest. To reduce skewedness, we applied log2
transformation to the Ab measures. For the protein levels,
inspecting the large number of proteins for appropriate transformation seemed impractical; therefore, we applied rankbased inverse normal transformation. In our primary analysis,
we aimed to include variables that capture broad hidden systematic factors that may affect protein levels. In addition to
age, sex, and race-center, we included eGFR, which represents the inﬂuence of renal excretion on protein levels, and 4
probabilistic estimation of expression residuals factors (19,20).
A brief summary of the probabilistic estimation of expression
residuals factor methods is reported in Supplemental Methods
in Supplement 1.
The statistical signiﬁcance level was determined using the
Bonferroni method in combination with permutation test (iterations = 1 million), which were performed for proteins with
linear regression p value , 1.078 3 1025 (=0.05/4638, the
number of proteins tested). We considered a permutation p
value , 1.078 3 1025 as signiﬁcant. The use of permutation
test was motivated by the lack of methods to assess the extent
of p value inﬂation in proteomic analysis (21). The permutation
test is based on the empirical null distribution from the data
rather than a theoretical null distribution. For the signiﬁcant Abassociated proteins, we also report their Spearman correlations with their associated plasma Ab. Figure 1 presents an
overview of the association and subsequent characterization
analyses.
We conducted two sensitivity analyses: controlling for
additional covariates related to chronic conditions and kidney
function biomarkers. Details are reported in Supplemental
Methods in Supplement 1. To assess whether the proteins
that were associated with Ab42 might be associated with the
severity of cognitive impairment, we evaluated the association
of these proteins with the scores of the Mini-Mental State
Examination among those with dementia at late life. Details are
reported in Supplemental Methods in Supplement 1.

Study Population for Incident Dementia Analysis
For proteins with signiﬁcant association with one or more Ab
measures from permutation tests in the cross-sectional analysis, we evaluated their prospective associations with incident
dementia in the overall ARIC cohort, where circulating proteins
and incident dementia assessments were available in the
overwhelming majority of the ARIC participants (n = 11,069 at
midlife and 4110 at late life without prevalent dementia). The
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Figure 1. Analysis ﬂowchart. First, the analysis of
the cross-sectional association between the plasma
amyloid b (Ab) peptides (Ab42, Ab40, and Ab42/Ab40
ratio) and circulating protein was conducted in a
subset of the Atherosclerosis Risk in Communities
(ARIC) participants with plasma Ab data available
(yellow box). Next, circulating proteins with signiﬁcant association with the Ab peptides were assessed
for their association with incident dementia in the
overall ARIC cohort at two separated baselines followed by replication in the Age, Gene/Environment
Susceptibility–Reykjavik Study (AGES) (blue boxes).
Finally, the variances of the plasma Ab peptides were
quantiﬁed, and the results of the cross-sectional association between plasma Ab and circulating proteins were further characterized using gene set and
tissue enrichment analysis (orange boxes).

study population and methods used in this analysis have been
reported (11). Incident dementia events were determined by an
expert panel based on the criteria from the National Institute on
Aging–Alzheimer’s Association workgroups and the DSM-5 or
International Classiﬁcation Disease codes at hospital
discharge and on death certiﬁcates (22). Details of dementia
ascertainment and participant inclusion criteria are reported in
Supplemental Methods in Supplement 1.

Association Analysis of Plasma Ab–Associated
Proteins With Incident Dementia
To enhance the generalizability of the results, the association
analysis of incident dementia used nonoverlapping cases from
the midlife and late-life baselines. For the midlife baseline,
participants were followed up to visit 5 (1131 incident dementia
events). For the late-life baseline (visit 5, 2011–2013), participants were followed up to visit 6 (2016–2017, 428 incident
dementia events). Participants who died or without detected
dementia up to the end of the follow-up were censored.
A Cox regression model was evaluated controlling for age,
sex, race-center, education levels, APOE ε4 carrier status,
eGFR, and cardiovascular factors (current smoking status,
body mass index, prevalent diabetes, and hypertension). We
validated signiﬁcant associations with incident dementia from
midlife using the associations from late life and vice versa. The
statistical signiﬁcance levels were determined by the Bonferroni method (Table S3 in Supplement 2).

Replication of the Association of Ab-Associated
Proteins With Incident Dementia in the AGES–
Reykjavik Study
The Ab-associated proteins that were associated with incident
dementia in ARIC (n = 8) were carried forward for replication for
their association with incident dementia in AGES. Details of
AGES and the AGES-Novartis SomaScan platform have been
reported previously (23,24). Brieﬂy, 5764 participants previously enrolled in the Reykjavik study were reexamined for the
ﬁrst wave of AGES in 2002–2006. AGES was approved by the
Icelandic Nation Bioethics Committee (VSN 00-063), the Icelandic Data Protection Authority, Iceland, and the Institutional
Review Board for the National Institute on Aging, National

Institutes of Health, United States. All participants provided
written informed consent.
Blood samples used for this study were collected at the ﬁrst
wave using a standardized protocol and stored at 280  C. A
total of 5034 SOMAmers were quantiﬁed. The interassay CVs
determined using a subset of 1000 SOMAmers had a median
of ,1% (23).
Dementia classiﬁcation was in accordance with DSM-IV
criteria (25) and adjudicated based on consensus during conferences that included a neurologist, geriatrician, neuropsychologist, and neuroradiologist who provided a clinical reading
of available magnetic resonance images. More details are
provided in Supplemental Methods in Supplement 1.
Of the 5764 participants in AGES-Reykjavik study, 4973
participants without prevalent dementia and with data for
covariates were included in the analyses. Participants were
followed from June 2002 to October 2015. Dementia incidence
rate was 27.5 (95% CI= 25.9–29.2) cases per 1000 personyears. A Cox regression model was used to examine the association between log2-transformed values of proteins and
incident dementia controlling for baseline age, sex, education,
APOE ε4 carrier status, eGFR, body mass index, diabetes,
hypertension, and smoking status.

Evaluation of the Variance of Plasma Ab Explained
by Key Variables
To quantify the variability of the 3 plasma Ab measures that
could be explained by demographics (age, sex, and race),
eGFR, and the Ab-associated proteins, we evaluated 3 linear
regression models using each Ab measure as the dependent
variable and obtained the R2 of these models, which can be
interpreted as the proportion of the variance of the dependent
variable explained by the independent variables. Model 1
included age, sex, and race-center. Model 2 added eGFR, and
Model 3 added the Ab-associated proteins based on permutation test.

Enrichment Analysis of Plasma Ab–Associated
Proteins
To characterize the protein association signals of the plasma
Ab measures, we conducted enrichment analyses using gene
set enrichment analysis (GSEA) in the clusterProﬁler package
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(version 3.16.1) (26). GSEA assesses whether members of a
gene set tend to occur toward the top (or bottom) of the effect
size distribution of the protein associations. The gene sets
tested included those deﬁned by Gene Ontology (GO) terms
and pathways in the Kyoto Encyclopedia of Genes and Genomes and Reactome pathway databases (27–29). To summarize the enriched gene sets, we used a weighted set cover
algorithm in the sumer package (version 1.1.5) to identify the
smallest subset of the enriched gene sets that covers all genes
in the enriched gene sets (30).
Tissue enrichment analysis was conducted using the TissueEnrich package version 1.10.1 and gene expression data of
53 human tissues from Genotype-Tissue Expression project
version 8 after excluding Epstein–Barr virus–transformed lymphocytes (31). Based on a previous study on the human proteome, we deﬁned tissue-enriched genes as those with at least
5 times higher gene expression in at least one tissue (32). The
background gene list for tissue enrichment analysis consists of
the intersection of the tissue-enriched genes and the encoding
genes of all proteins tested. The input gene lists included the
encoding genes of proteins associated with an Ab measure at
false discovery rate (FDR) , 0.01. p value was obtained using
hypergeometric tests (33). We considered a gene set with an
enrichment FDR , 0.05 and having at least 5 genes in the input
list as signiﬁcant.

Aggregate Association of Ab-Associated Proteins in
Enriched Gene Sets With Incident Dementia
For the proteins that were in GO terms signiﬁcantly enriched
for Ab-association signals, we evaluated the aggregate association of these proteins with incident dementia. Enriched GO
terms were separated into 3 groups: nervous system, immune
system, and other (Table S4 in Supplement 2). We generated
the ﬁrst principal component (PC1) of the proteins to represent
the overall variability using residuals of the protein levels after

regressing out eGFR and the 4 probabilistic estimation of
expression residuals factors. The association between PC1
and incident dementia was evaluated using the same study
population and Cox regression model as in the analysis of
incident dementia in ARIC reported above.

RESULTS
Summary Statistics of the Study Population and the
Ab Measures
At midlife, the mean age was 59 years with 46% men (Table 1).
At late life, the mean age was 77 years with 45% men. At both
midlife and late life, the proportion of Black participants was
19% (Table S1 in Supplement 2). Participants with higher
eGFR had lower Ab42 or Ab40 levels but similar Ab42/Ab40 levels
(Tables S5 and S6 in Supplement 2). The correlations between
the Ab measures were moderate (absolute Spearman r ranged
from 0.11 to 0.67) (Table S7 in Supplement 2).

Cross-sectional Association of Plasma Ab
Measures With Circulating Proteins
At midlife, 296 proteins had signiﬁcant association with 1 or
more plasma Ab measures based on permutation test (160 for
Ab42, 279 for Ab40, and 32 for Ab42/Ab40) (Figure 2A;
Figure S3A–C in Supplement 1 and Table S8 in Supplement 2).
At late life, 34 proteins had signiﬁcant association with 1 or
more plasma Ab measures based on permutation test (31 for
Ab42, 3 for Ab40, and 4 for Ab42/Ab40) (Figure 2B; Figure S4A–C
in Supplement 1 and Table S9 in Supplement 2). Among the
Ab-associated proteins, only 5 were associated at both midlife
and late life (Table S10 in Supplement 2). Table S11 in
Supplement 2 reports the quality control information of the
Ab-associated proteins. Some of these Ab-associated proteins
have been linked to Ab pathology, for example, clusterin and
TREM2 (34–36). Some have been associated with incident

Table 1. Study Population Characteristics at Midlife (Visit 3) and Late Life (Visit 5)
Variable
Age, Years, Mean (SD)

Midlife, n = 1955

Late Life, n = 2082

59.28 (5.23)

77.19 (5.29)

Male, n (%)

891 (46%)

930 (45%)

Black, n (%)

369 (19%)

403 (19%)

APOE ε4 Carrier, n (%)

561 (30%)

597 (30%)

$High School Education, n (%)

1677 (86%)

1788 (86%)

Body Mass Index, kg/m2, Mean (SD)

28.26 (5.01)

28.44 (5.58)

Hypertension, n (%)

689 (35%)

1533 (75%)

Diabetes, n (%)

204 (10%)

713 (35%)

Current Smoker, n (%)

227 (12%)

Total Cholesterol, mg/dL, Mean (SD)

208.38 (37.11)

87 (5%)
179.34 (41.42)

Prevalent Stroke, n (%)

19 (1%)

102 (5%)

Prevalent Heart Failure, n (%)

54 (3%)

300 (14%)

Prevalent Coronary Heart Disease, n (%)
eGFR, mL/min/1.73 m2, Mean (SD)
eGFR ,60 mL/min/1.73 m2, n (%)

78 (4%)

342 (17%)

88.44 (13.34)

67.62 (17.27)

37 (2%)

678 (33%)

Ab42, pg/mL, Mean (SD)

29.65 (9.72)

37.74 (11.59)

Ab40, pg/mL, Mean (SD)

166.15 (66.95)

239.56 (87.32)

0.20 (0.11)

0.17 (0.08)

Ab42/Ab40, Mean (SD)

Ab, amyloid beta; eGFR, estimated glomerular ﬁltration rate.
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Figure 2. Number of circulating proteins that were
signiﬁcantly associated with levels of the plasma
amyloid b (Ab) peptides (Ab42 [blue], Ab40 [green],
Ab42/Ab40 ratio [orange]) at (A) midlife (n = 296) and
(B) late life (n = 34).

dementia, for example, NPPB (11). Among the signiﬁcant Abassociated proteins, their Spearman correlations with their
respective Ab measures were moderate (median = 0.14, ﬁrst
and third quartile = 0.06 and 0.26) (Tables S8 and S9 in
Supplement 2; Figure S5 in Supplement 1).
In the sensitivity analysis controlling for 11 additional
covariates, the sample size was 1834 at midlife and 1802 at
late life. Of the 296 Ab-associated proteins at midlife based on
permutation test, 96% (n = 284) were associated with one or
more Ab measures at regression p value , 1.078 3 1025
(Table S12 in Supplement 2). Of the 34 Ab-associated proteins
at late life, 24 were associated with one or more Ab measures
at late life at regression p value , 1.078 3 1025 (Table S13 in
Supplement 2). In the sensitivity analysis, controlling for
additional biomarkers of kidney function, the associations were
highly similar (Figures S6 and S7 in Supplement 1). Among 236
participants with dementia at late life, of the 31 Ab42associated proteins tested, complement C4A and C4B were
associated with Mini-Mental State Examination at p = 1.45 3
1022, and 74% (n = 23) had effect estimates consistent with
their association with Ab42 (Table S14 in Supplement 2).

Ab-Associated Proteins and Incident Dementia in
the ARIC Study and the AGES–Reykjavik Study
Next, to shed some light on whether the Ab-associated proteins might be correlated with dementia pathogenesis, we
evaluated the association of the Ab-associated proteins with
incident dementia in the overall ARIC cohort. At midlife, of the
296 Ab-associated proteins, 33 were associated with incident
dementia. Of these, 8 were also associated with incident dementia from the late-life baseline among nonoverlapping cases
in ARIC (Table 2; Table S15 in Supplement 2). Higher levels of
these 8 circulating proteins were associated with higher risk of
incident dementia. For example, THBS2 was associated with a
hazard ratio of 1.26 (95% CI = 1.14–1.40) at midlife and a
hazard ratio of 1.29 (95% CI = 1.10–1.51) at late life. At late life,
of the 34 Ab-associated proteins, only C1QTNF3 was associated with incident dementia, and this association was not
observed at midlife.
In the replication analysis in AGES (mean age = 76 years,
58% women) (Table S16 in Supplement 2), all 8 dementiaassociated proteins from ARIC had a consistent direction of
effect in AGES (p = .01). Three (NPPB, IBSP, and THBS2) were
signiﬁcantly associated with incident dementia in AGES after
Bonferroni correction (p , 6.25 3 1023 = 0.05/8) (Table 2;

Table S17 in Supplement 2). The associations of IBSP and
THBS2 were novel.

Variance of Plasma Ab Measures Explained by Key
Variables
Demographic variables (age, sex, and race-center) explained
similar variance for Ab42 and Ab40 at both midlife and late life
(4.1%–6.4%) (Figure 3; Table S18 in Supplement 2). Kidney
function explained 1.3% of the variances of Ab42 and Ab40 at
midlife and 9.7% and 12.0%, respectively, at late life. The Abassociated proteins explained 31.9% and 49.4% of the variances of Ab42 and Ab40, respectively, at midlife and 10% or
less at late life. The variance of Ab42/Ab40 ratio explained by
demographic factors and kidney function was small (,2%).

Gene Sets Enriched With the Encoding Genes of
Ab-Associated Proteins
At midlife, GSEA detected enriched GO terms for all 3 sets of
Ab-associated signals, including GO terms related to the nervous system, e.g., neuropeptide signaling pathway, synapse
organization, and neuron projection development (Figure 4A–
C; Tables S19–S21 in Supplement 2). Seven GO terms
related to general molecular function were common among the
signiﬁcant GO terms from the 3 sets of Ab-associated signals
(Table S22 in Supplement 2). At late life, the GO terms enriched
for Ab42-associated proteins were related to the immune system and general cellular processes (Figure S8 in Supplement 1
and Table S23 in Supplement 2). No GO terms were enriched
for Ab40- or Ab42/Ab40-associated protein signals. Among all
the signiﬁcant GO terms, only small molecule catabolic process was common between midlife and late life. No gene sets
from Kyoto Encyclopedia of Genes and Genomes or Reactome
pathways were signiﬁcantly enriched in the midlife or late-life
analyses.
In aggregate, the Ab-associated proteins in the GO terms of
the nervous system detected by GSEA were associated with
incident dementia (PC1 of Ab42-associated proteins p value
3.94 3 1022; PC1 of Ab40-associated protein p value 1.94 3
1022) (Table S24 in Supplement 2). We annotated some proteins in these gene sets that have been linked to Ab pathology
by summarizing evidence from the literature (Table S25 in
Supplement 2). Tissue enrichment analysis revealed that
Ab42-associated protein signals were enriched in gene
expression in the liver at midlife (fold change 1.81, FDR 2.95 3
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Of the 296 proteins associated with at least one Ab measure (Ab42, Ab40, Ab42/Ab40) based on permutation test at midlife (visit 3), 33 were associated with incident dementia with the midlife
visit as the baseline (n = 11,069, incident dementia cases = 1131, p , 1.69 3 1024 = 0.05/296). Of these 33 proteins, 8 were associated with incident dementia with the late-life visit as the
baseline (visit 5, n = 4110, incident dementia cases = 428, p , 1.5 3 1023 = 0.05/33). Replication in AGES was considered signiﬁcant at p , .006 (=0.05/8). Hazard ratios were estimated per
doubling of the protein levels in RFU.
Ab, amyloid b; AGES, Age, Gene/Environment Susceptibility–Reykjavik Study; ARIC, Atherosclerosis Risk in Communities Study; RFU, relative ﬂuorescence unit.
a
Replicated in the AGES Study.
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Figure 3. Variance of plasma amyloid b (AB) explained by demographic
factors, kidney function, and associated proteins at midlife (A) and late life
(B). Numerical values are reported in Table S18 in Supplement 2.

1022) and in the spleen at late life (fold change 9.65, FDR
3.95 3 1024). The enrichment in the liver was driven by genes
involved in lipid metabolism and coagulation and in the spleen
by genes related to antibody and antigen function (Table S26 in
Supplement 2). No enriched tissues were detected for the
Ab40- or Ab42/Ab40-associated proteins at midlife or late life.

DISCUSSION
In this large-scale proteomic analysis of circulating proteins,
we identiﬁed associated proteins of plasma Ab at midlife and
late life. Some Ab-associated proteins are emerging plasma
biomarkers of dementia, including NPPB, clusterin, and
TREM2 (11,34,36). Of the 3 Ab-associated proteins with
replicated evidence for their associations with incident dementia, two (THBS2 and IBSP) were novel. Demographic and
peripheral factors, such as kidney function, explained a substantial proportion of the variance of Ab42 and Ab40 at late life.
Our results extend our knowledge on the associated factors of
plasma Ab and circulating protein association with incident
dementia.
While the clinical use of the plasma Ab measures as biomarkers of cerebral amyloidosis is under consideration
(2,4,37,38), studies on the peripheral factors associated with
plasma Ab are still limited (8,39). In our results, the Ab-associated proteins in midlife and late life had few overlaps. A study
on the associations between circulating proteins and cognitive
function also reported different associations in midlife versus
late life (40). These differences in associations between age
groups may be a result of changes in circulating protein levels
from midlife to late life (41). The enrichment of tissue gene
expression at midlife and late life for the Ab42-associated
proteins is consistent with the important role of the liver in
circulating protein production and lipid regulation and the
spleen in immune function (42,43). These results suggest the
large number of Ab-associated proteins at midlife might be
partly driven by liver function, which has been reported to inﬂuence Ab clearance (44,45). The Ab-associations during late
life might be partly driven by immune response, which is an
implicated pathway underlying AD and may be related to
chronic inﬂammation in older age (46).
The proportions of the variance of plasma Ab42 and Ab40
explained by kidney function were substantial in late life.
Recently, plasma Ab42 levels were reported to be 1 standard
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Figure 4. Gene Ontology terms signiﬁcantly enriched
for amyloid b (Ab)-associated protein signals at midlife
based on gene set enrichment analysis. (A) Ab42 associations. (B) Ab40 associations. (C) Ab42/Ab40 associations.
Details are reported in Tables S19–S21 in Supplement 2.
BP, biological process; CC, cellular component; MF, molecular function.

deviation higher among older adults with chronic kidney disease than those without chronic kidney disease (47). Renal
ﬁltration and excretion have been implicated as an organ for
the peripheral clearance of Ab42 and Ab40 (48). In contrast, the
variability of plasma Ab42/Ab40 in both midlife and late life
appeared to have little association with demographic factors

and kidney function, which provides an advantage for plasma
Ab42/Ab40 as a biomarker of AD. Our results suggest the need
for large studies with diverse populations to evaluate the
extent that performance characteristics of the tests using
plasma Ab might be affected by functions of peripheral
organs.
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The 3 replicated Ab-associated proteins for incident dementia have been linked to vascular risk factors of dementia.
NPPB, a hormone mainly expressed by heart muscle, is an
established biomarker of heart failure and has been associated
with stroke and atrial ﬁbrillation, both risk factors of dementia
(49–51). IBSP is a major structural protein of the bone matrix.
Its encoding gene was found to be upregulated in stenotic
human aortic valves and carotid plaques (52,53). THBS2 is
believed to have a role in regulating angiogenesis. Its encoding
gene has higher expression in stenotic aortic valves (54).
Circulating THBS2 has been reported to be higher among
patients with stroke (55). Aberrant angiogenesis has been
linked to AD pathology (11,56,57).
Our study has several strengths. We identiﬁed a large
number of circulating Ab-associated proteins at midlife and
late life. The associations of the Ab-associated proteins with
incident dementia were validated at two time points using
nonoverlapping cases in ARIC with some protein associations
replicated in AGES. Some limitations warrant mentioning. For
characterizing the peripheral inﬂuence on Ab levels, we
focused on the kidney and did not have measures of liver
function, an important determinant of circulating protein levels.
The levels of the circulating proteins were relative measures,
which limited our ability to assess changes in protein levels
between midlife and late life. The Ab assay was not as sensitive
as the more recent assays and might have limited our ability to
detect associations (37). As a cross-sectional association
study of circulating proteins and the Ab peptides, our results
cannot infer a causal relationship between the Ab-associated
proteins and Ab pathology in the brain. Studies using protein
levels in cerebrospinal ﬂuid would likely be more informative of
AD pathologies. Our cross-sectional study cannot infer
whether any chronic conditions, such as high body mass index, might be upstream factors or consequences of certain
circulating protein levels. We did not have the relevant variables to accurately classify subtypes of dementia, such as AD
and vascular dementia, to further characterize the association
of the Ab-associated proteins with dementia. Although the Ab
measures, particularly Ab42/40, are established biomarkers of
AD, these biomarkers are not surrogates for AD diagnosis.
In summary, this cross-sectional association analysis of the
plasma Ab peptides and circulating proteins identiﬁed a large
number of Ab-associated proteins in midlife and late life and
extended our knowledge of the associated proteins of the
plasma Ab peptides and incident dementia.
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