
UC San Diego
UC San Diego Previously Published Works

Title
Evaluation of Blood-Based Plasma Biomarkers as Potential Markers of Amyloid 
Burden in Preclinical Alzheimer’s Disease

Permalink
https://escholarship.org/uc/item/2s26172c

Journal
Journal of Alzheimer's Disease, 92(1)

ISSN
1387-2877

Authors
Winston, Charisse N
Langford, Oliver
Levin, Natalie
et al.

Publication Date
2023

DOI
10.3233/jad-221118
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2s26172c
https://escholarship.org/uc/item/2s26172c#author
https://escholarship.org
http://www.cdlib.org/


Journal of Alzheimer’s Disease 92 (2023) 95–107
DOI 10.3233/JAD-221118
IOS Press

95

Evaluation of Blood-Based Plasma
Biomarkers as Potential Markers of
Amyloid Burden in Preclinical Alzheimer’s
Disease

Charisse N. Winstona, Oliver Langfordb, Natalie Levina, Rema Ramanb, Kevin Yarasheskic,
Tim Westc, Sara Abdel-Latifb, Michael Donohueb, Akinori Nakamurad, Kenji Tobae,f ,
Colin L. Mastersg, James Doeckeh, Reisa A. Sperlingi, Paul S. Aisenb and Robert A. Rissmana,j,∗
aDepartment of Neurosciences, University of California San Diego, La Jolla, CA, USA
bAlzheimer’s Therapeutic Research Institute, Keck School of Medicine, University of Southern California,
San Diego, CA, USA
cC2N Diagnostics, St. Louis, MO, USA
dDepartment of Biomarker Research, National Center for Geriatrics and Gerontology, Obu, Aichi, Japan
eNational Center for Geriatrics and Gerontology, Obu, Aichi, Japan
f Tokyo Metropolitan Institute of Gerontology, Tokyo, Japan
gThe Florey Institute, The University of Melbourne, Parkville, VIC, Australia
hThe Commonwealth Scientific and Industrial Research Organization, Brisbane, QLD, Australia
iHarvard Medical School, Boston, MA, USA
jDepartment of Neurosciences, University of California San Diego and VA San Diego Healthcare System,
La Jolla, CA, USA

Handling Associate Editor: David Libon

Accepted 21 December 2022
Pre-press 23 January 2023

Abstract.
Background: Participant eligibility for the A4 Study was determined by amyloid PET imaging. Given the disadvantages
of amyloid PET imaging in accessibility and cost, blood-based biomarkers may serve as a sufficient biomarker and more
cost-effective screening tool for patient enrollment into preclinical AD trials.
Objective: To determine if a blood-based screening test can adequately identify amyloid burden in participants screened into
a preclinical AD trial.
Methods: In this cross-sectional study, 224 participants from the A4 Study received an amyloid PET scan (18Florbetapir)
within 90 days of blood sample collection. Blood samples from all study participants were processed within 2 h after
phlebotomy. Plasma amyloid measures were quantified by Shimazdu and C2 N Diagnostics using mass spectrometry-based
platforms. A corresponding subset of blood samples (n = 100) was processed within 24 h after phlebotomy and analyzed by
C2 N.

∗Correspondence to: Robert A. Rissman, Ph.D., Department of
Physiology and Neuroscience, Alzheimer’s Therapeutic Research
Institute, Keck School of Medicine of the University of Southern

California, San Diego, 92121, Tel: 858-246-0140; Fax: 858-246-
0139; E-mail: r.rissman@usc.edu.

ISSN 1387-2877 © 2023 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:r.rissman@usc.edu
https://creativecommons.org/licenses/by-nc/4.0/


96 C.N. Winston et al. / Plasma Amyloid Biomarkers Predict Amyloid Burden

Results: Plasma A�42/A�40 demonstrated the highest association for A� accumulation in the brain with an AUC 0.76 (95%
CI = 0.69, 0.82) at C2 N and 0.80 (95% CI = 0.75, 0.86) at Shimadzu. Blood samples processed to plasma within 2 h after
phlebotomy provided a better prediction of amyloid PET status than blood samples processed within 24 h (AUC 0.80 versus
0.64; p < 0.001). Age, sex, and APOE �4 carrier status did not the diagnostic performance of plasma A�42/A�40 to predict
amyloid PET positivity in A4 Study participants.
Conclusion: Plasma A�42/A�40 may serve as a potential biomarker for predicting elevated amyloid in the brain. Utilizing
blood testing over PET imaging may improve screening efficiency into clinical trials.

Keywords: A4, Alzheimer’s disease, amyloid-�, biomarkers, clinical trial, mass spectrometry, PET

INTRODUCTION

Alzheimer’s disease (AD) is a common neurode-
generative disease associated with aging. In the
United States, more than 6.2 million individuals
over the age of 65 are affected by AD demen-
tia, a number that is expected to increase to 13.8
million by the year 2050 [1]. AD is thought to
begin with a predementia stage that slowly pro-
gresses to mild cognitive impairment (MCI) then
to symptomatic AD [2]. Older clinically normal
(CN) individuals with evidence of amyloid pathology
(A�+) demonstrate more rapid declines on longitu-
dinal neurophysiological testing results; more rapid
decline in cognitive function; and at a greater risk of
progression to mild cognitive impairment (MCI) and
dementia [2].

The current state of AD diagnostics allows for
asymptomatic or CN individuals to be diagnosed with
preclinical AD by examining the presence of A�,
now detectable with neuroimaging modalities such
amyloid positron emission tomography (PET) and
cerebrospinal fluid (CSF) analysis. These methods
are traditionally employed to indicate the presence
of brain amyloid plaques in CN individuals. Numer-
ous studies have correlated elevated brain A� levels
and lower CSF A�42/A�40 levels with cognitive
decline [3–5]. However, these methods are expen-
sive, not readily accessible in primary care settings,
time consuming, and invasive [6–8]. These lim-
itations have sparked researchers to examine the
feasibility of using blood biomarker measures (e.g.,
A�40, A�42, A�42/A�40, tau, phospho-tau) to detect
amyloid pathology as blood sample collection is
procedurally simple and readily accessible in pri-
mary care settings to minority populations in rural
areas, the elderly, and those of diverse socioeconomic
groups [9, 10]. Moreover, blood-based biomarkers
may serve as a more cost-effective screening tool
for patient enrollment into preclinical AD trials.

Early detection is considered critical, in that AD-
modifying interventions designed to stop or slow
disease progression during asymptomatic stages are
likely to be most effective [11]. Lastly, identifying
and treating a cognitively impaired patient at ear-
lier and more treatable time points may alleviate
the financial hardships and caregiver burden imposed
on close relatives and on the healthcare system
[12].

In 2014, Anti-Amyloid Treatment in Asymp-
tomatic Alzheimer’s Disease (A4) Study, a first-of-
its-kind secondary prevention trial was initiated to
assess the efficacy of a preclinical drug intervention
in CN older individuals who were “at risk” for pro-
gression to AD [13, 14]. Participant eligibility into
the A4 Study was determined by amyloid PET imag-
ing (elevated A�+versus non elevated A�-). Given
the advantages of using blood-based biomarkers over
PET imaging [9, 15–17], we investigated whether
blood-based biomarker screening tests can predict
brain amyloid pathology in the pre-randomization A4
participants. Quantifying plasma amyloid biomark-
ers has the potential to improve the efficiency of
screening and enrolling participants into clinical tri-
als similar to the A4 Study [11, 18, 19]. Over the past
few years, accumulating evidence has demonstrated
that lower plasma A�42/A�40 ratios, as measured
using mass spectrometry (MS)-based methods, are
associated with brain amyloid pathology, accelerated
cognitive decline, and increased risk of developing
AD dementia in CN, older adults [20, 21].

In the current study, we examined whether plasma
A�40, A�42, and A�42/A�40 levels, as measured by
two different MS platforms (MALDI-TOF-MS and
LC-MS/MS), can predict brain amyloid PET posi-
tivity in cognitively normal, A4 Study participants.
Secondly, we compared the impact of two different
plasma processing protocols (2 h versus 24 h) on the
plasma A�40, A�42, and A�42/A�40 levels to predict
amyloid PET positivity.
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Table 1
Demographic and clinical data for the 224 participants with plasma samples collected using Protocol 1 that were

analyzed using both MALDI-TOF-MS and LC-MS/MS platforms. Categorical variables are summarized
using counts and percentages (%); continuous variables summarized using means and standard

deviations (SD). MMSE, Mini-Mental State Exam; CFI, Cognitive Function Index

Patient Demographic Data (n = 224)
Characteristic A�− A�+ Combined

(N = 112) (N = 112) (N = 224)

APOE �4 Negative 79 (35.27%) 57 (25.45%) 136 (60.71%)
Positive 31 (13.84%) 54 (24.11%) 85 (37.95%)
(Missing) 2 (0.89%) 1 (0.45%) 3 (1.34%)

Ethnicity Hispanic or Latino 3 (1.34%) 1 (0.45%) 4 (1.64%)
Not Hispanic or Latino 108 (48.21%) 110 (49.11%) 218 (97.32%)
(Missing) 1 (0.45%) 1 (0.45%) 2 (0.89%)

Race American Indian or Alaska Native 1 (0.45%) 0 (0.00%) 1 (0.45%)
Asian 4 (1.79%) 0 (0.00%) 4 (1.79%)
Black or African American 8 (3.57%) 0 (0.00%) 8 (3.57%)
White 98 (43.75%) 112 (50.00%) 210 (93.75%)
(Missing) 1 (0.45%) 0 (0.00%) 1 (0.45%)

Sex Female 71 (31.70%) 57 (25.45%) 128 (57.14%)
Male 41 (18.30%) 55 (24.55%) 96 (42.86%)

Age, mean (SD) 72.08 (5.27) 73.29 (4.86) 72.69 (5.10)
MMSE, mean (SD) 28.83 (1.11) 28.54 (1.43) 28.69 (1.29)
CFI, mean (SD) 3.83 (3.82) 3.97 (3.75) 3.90 (3.78)

Clinical Biomarker Summaries
C2 N – Protocol 2 Amyloid protein concentrations, mean (SD)
A�40 (pg/mL) 508.07 (102.24) 499.92 (69.44) 504.00 (87.29)
A�42 (pg/mL) 47.15 (10.26) 42.61 (6.49) 44.88 (8.86)
A�42/A�40 0.093 (0.008) 0.085 (0.007) 0.089 (0.009)
Shimadzu – Protocol 2
A�40 (pg/mL) 8.92 (2.61) 8.31 (1.93) 8.61 (2.31)
A�42 (pg/mL) 0.49 (0.14) 0.40 (0.10) 0.45 (0.13)
A�42/A�40 0.055 (0.01) 0.048 (0.01) 0.052 (0.01)

METHODS

Patient characterization, blood sample testing,
and amyloid PET imaging

Blood plasma samples from 224 A4 trial screened
participants were included in this study [13, 14].
The A4 Study was approved by the independent
ethics committee and registered at Clinicaltrials.gov
(identifier: NCT02008357). All participating sub-
jects signed the study’s informed consent form which
had also been approved by the independent ethics
committee.

Patient characterizations and demographics are
described in Table 1. Briefly, A4 trial participants
received amyloid PET scan (18Florbetapir) within
90 days of blood sample collection, as previously
described [13, 14]. Amyloid status (elevated A�+ or
non-elevated A�−) was defined using a combination
of both quantitative mean cortical standard uptake
value ratio (SUVr) and qualitative visual inspection.
A quantitative SUVr threshold of ≥1.15 was utilized

to define brain amyloid positivity, the primary crite-
rion. An SUVr between 1.10 and 1.15 was considered
amyloid positive (A�+) only when the corresponding
visual read was also considered positive by a two-
reader consensus determination. One half of the 224
screened A4 trial participants were classified as A�+
(n = 112) and the other half of the A4 trial participants
were classified as A�− (n = 112). A�+ PET positive
participants were stratified equally based on gender
and APOE genotype (Table 1) while A�− PET neg-
ative participants were majority female and APOE
�4 non-carriers (Table 1). Average age for all partic-
ipants across both groups is 72.7 years of age while
the average MMSE score for all participants across
both groups is 28.7 (Table 1).

Blood plasma samples from 224 A4 trial screened
participants were collected into K2 EDTA tubes and
processed using one of two protocols: blood samples
were collected and express shipped on cold packs to
the Rissman lab Biomarker Core at the University of
California, San Diego (UCSD), where they were pro-
cessed to plasma (centrifuged at 3000 rpm for 10 min
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at room temperature) approximately 24 h after phle-
botomy. Under Protocol 1, plasma processed within
24 h were frozen in 0.5 mL aliquots at -80◦C and
stored at the Rissman lab Biomarker Core. Under Pro-
tocol 2, blood samples were processed to plasma at
the collection site, frozen in 0.5 mL aliquots within
2 h after phlebotomy, and the frozen plasma was
shipped on dry ice to UCSD for storage at -80◦C.

Two hundred and twenty-four (224) duplicate
frozen plasma samples, processed within 2 h (Pro-
tocol 2) were shipped on dry ice to Shimadzu
and C2 N labs. Plasma amyloid measures A�40,
A�42, and A�42/A�40 were quantified in singli-
cate using state-of-the-art mass spectrometry-based
analytical platforms (Shimadzu Techno-Research
Inc., MALDI-TOF-MS and C2 N Diagnostics, LC-
MS/MS) as previously described [19, 21, 22].
Shimadzu measures also included a Composite
score that was generated by averaging the nor-
malized scores (z-score to NCGG database) of
APP669–711/A�1–42 and A�1–40/A�1–42 as previ-
ously described [19, 23]. A corresponding subset of
100, randomly selected, frozen plasma samples pro-
cessed within 24 h (Protocol 1) were shipped only
to C2 N Diagnostics where plasma A�40, A�42, and
A�42/A�40 were quantified using LC-MS/MS. Both
labs were blinded to participant demographics and
meta-data during plasma sample analysis. After anal-
ysis, plasma biomarker values were transferred from
the two MS labs to Rissman lab Biomarker Core (UC
San Diego) for statistical analysis. Data integration

C2 N Diagnostics and Shimadzu plasma biomarker
values were transferred to ATRI statisticians and
merged with A4 pre-randomization study data that
was frozen on June 25, 2019. The C2 N Diagnos-
tics biomarker measures were transferred to Rissman
lab Biomarker Core in April 2020. The Shimadzu
lab provided biomarker measures in two formats:
initial measures from the original MALDI-TOF-MS
analysis; and a second dataset of measures that used
available QC data to recalibrate the biomarker values
derived from the original MALDI-TOF-MS analysis.
Since the QC recalibration approach is meaning-
ful for comparisons among multiple sites, but less
meaningful for single site data such as this, we have
presented biomarker data from the initial MALDI-
TOF-MS analysis.

Statistical analysis

Receiver operating characteristic (ROC) curve
analysis was conducted to test the ability of plasma

amyloid biomarkers to identify brain amyloid PET
status in A4 participants. ROC curves were calculated
for each biomarker and paired statistical compar-
isons of analytical platform (MALDI-TOF-MS vs
LC-MS/MS), and Rissman lab Biomarker Core sam-
ple collection, processing, and transport protocols
(24 h versus 2 h) were performed using Sun and Xu
[24] algorithm of the DeLong and Clarke-Pearson
[25] method. All ROC curves were summarized
using the area under the curve (AUC), AUC 95%
confidence intervals (CI), Youden’s Index [25] and
corresponding sensitivity, specificity, accuracy for
the optimal plasma A�42/A�40 cut off value. Mul-
tivariable logistic regression model with a log link
function was used to determine if age, sex, and/or
APOE genotype influenced the ability of plasma
amyloid biomarkers to predict amyloid PET sta-
tus in all participants. For this analysis, age was
categorized into four groups (50-65, 71-75, 76-80,
and 81+) and stratified bootstrapping resampling
was performed using 5-fold cross-validation within
each age group. The predictive performance for
each iteration (500 iterations total) was then esti-
mated by predicting the out-of-fold sample, for each
fold, and then performing ROC analysis. An AUC
of 0.8 was predetermined to be clinically impor-
tant and results are reported using point estimates
and corresponding 95% CI. All statistical analy-
ses were conducted using the statistical software
R.

Exploratory PET scan savings analysis

An exploratory analysis was conducted to esti-
mate the potential impact of using plasma amyloid
biomarker testing as a screening tool prior to amy-
loid PET. We estimated the number of PET scans that
would be required to achieve 1,000 amyloid PET pos-
itive screens along with the number of participants
requiring an initial plasma screening sample (pool
size). For the purposes of these analyses, a prevalence
level of 0.3 was used [13, 26].

RESULTS

Two hundred and twenty-four EDTA plasma
samples processed within 2 h (Protocol 2) were
shipped frozen and analyzed for A�40 and A�42
concentrations (pg/mL) and A�42/A�40 concen-
tration ratio at the Shimadzu and C2 N labs.
Participants’ baseline demographics and amy-
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Table 2
Demographics for the subset of 100 patient’s blood samples collected and processed using Protocols 1 and 2

and analyzed by C2 N labs using LC-MS/MS. Categorical variables are summarized using counts and
percentages (%) with continuous variables summarized using means and standard deviations (SD)

Demographic Data (n = 100)
Characteristic A�− A�+ Combined

(n = 50) (n = 50) (n = 100)

APOE �4 Negative 39 (39.00%) 27 (27.00%) 66 (66.00%)
Positive 11 (11.00%) 23 (23.00%) 34 (34.00%)

Ethnicity Hispanic or Latino 0 (0.00%) 0 (0.00%) 0 (0.00%)
Not Hispanic or Latino 50 (50.00%) 50 (50.00%) 100 (100.00%)

Race American Indian or Alaska Native 0 (0.00%) 0 (0.00%) 0 (0.00%)
Asian 2 (2.00%) 0 (0.00%) 2 (2.00%)
Black or African American 6 (6.00%) 0 (0.00%) 6 (6.00%)
White 42 (42.00%) 50 (50.00%) 92 (92.00%)

Sex Female 35 (35.00%) 32 (32.00%) 67 (67.00%)
Male 15 (15.00%) 18 (18.00%) 33 (33.00%)

Age, mean (SD) 73.21 (6.05) 73.47 (4.78) 73.34 (5.43)
MMSE, mean (SD) 28.88 (0.94) 28.40 (1.53) 28.64 (1.28)
CFI, mean (SD) 3.64 (4.05) 3.89 (3.92) 3.76 (3.97)

Clinical Biomarker Summaries
Protocol 1 Amyloid protein concentrations (pg/mL), mean (SD)
A�40 426.12 (109.63) 408.41 (64.22) 417.26 (89.83)
A�42 31.42 (7.92) 28.84 (6.90) 30.13 (7.50)
A�42/A�40 0.074 (0.011) 0.070 (0.010) 0.072 (0.011)
Protocol 2
A�40 514.94 (116.58) 502.47 (66.46) 508.70 (94.62)
A�42 48.60 (11.40) 42.91 (7.27) 45.76 (9.93)
A�42/A�40 0.095 (0.008) 0.085 (0.008) 0.090 (0.009)

loid biomarker protein concentrations determined
using both analytical platforms are summarized
in Tables 1 and 2, overall and by amyloid PET
status.

The ability to identify brain amyloid status
using plasma A�42/A�40 quantified using MALDI-
TOF-MS (Shimadzu) or LC-MS/MS (C2 N) was
evaluated using ROC curve analysis (Fig. 1).
Plasma A�42/A�40 quantified using MALDI-TOF-
MS identified brain amyloid PET status with
AUC-ROC=0.80 (95% CI = 0.75 – 0.86), and LC-
MS/MS analysis identified brain amyloid PET
status with AUC-ROC=0.76 (95% CI = 0.69 – 0.82)
(p = 0.13 for ROC comparison by DeLong). Indi-
vidual concentrations of plasma A�42 and A�40
were quantified using both analytical platforms.
MALDI-TOF-MS analysis identified brain amy-
loid PET status with AUC-ROC=0.70 (A�42) and
0.56 (A�40) (95% CI = 0.64 – 0.77). LC-MS/MS
analysis of A�42 and A�40 identified brain amy-
loid PET status with AUC-ROC=0.64 (A�42) and
0.51 (A�40) (95% CI = 0.57 – 0.71). Shimadzu lab
also provided an additional marker; the Composite
blood plasma marker score (APP669–711/A�42 and
A�40/A�42) which returned an AUC of 0.82 (95% CI
0.76 - 0.87).

A� cut points identified from the Youden Index
(see Table 3) were used to generate scatter plots of
A� against PET SUVr for C2 N and Shimadzu under
Protocol 2 (2 h processing) (Fig. 2). Shaded regions
represent the areas where the plasma biomarker cor-
rectly identifies patients as amyloid negative (green)
and amyloid positive (orange). The lighter color
shaded between 1.11 and 1.15 SUVr is the region
where a participant was considered amyloid posi-
tive only when the corresponding visual read was
also considered positive by a two-reader consensus
determination.

Plasma A�42/A�40 was also quantified by LC-
MS/MS in a subset (n = 100) of the 224 participants.
These randomly selected blood samples were pro-
cessed using both protocols (Protocol 1: blood
processed to plasma 24 h after phlebotomy versus
Protocol 2: blood processed to plasma within 2 h
after phlebotomy; Table 2) and results were com-
pared to examine the effects of blood processing
and handling, prior to biomarker analysis. Samples
processed within 2 h after phlebotomy returned a sig-
nificantly higher AUC-ROC (0.80 (95% CI = 0.71 –
0.89) as compared to samples processed within 24 h
after phlebotomy (AUC-ROC=0.64 (95% CI = 0.52 –
0.75) (Fig. 3, p < 0.001).
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Fig. 1. Receiver operating characteristic (ROC) curves for the blood plasma samples (n = 224) Processed using Protocol 2 (2 h post phle-
botomy) and analyzed at C2 N and Shimadzu laboratories (left). The corresponding area under curve (AUC) estimates and 95% confidence
intervals (right).

Biomarker predictability with the inclusion of
age, sex, and APOE status

Multivariable analysis was conducted on the 224
A4 trial plasma samples (Protocol 2 – 2 h) to deter-
mine whether demographic covariates (age, sex,
and/or APOE genotype) improved ability of plasma
A�42/A�40 to predict amyloid PET status, as mea-
sured by AUC. Odds ratio (OR) estimates determined
that participants aged 76-80 were approximately
2.5 times more likely to be amyloid PET posi-
tive than participants aged 65-70 (Table 3). When
APOE genotype (having one or two �4 alleles) was
considered, APOE �4+ carriers were approximately
2 times more likely to be amyloid PET positive
as compared to non-carriers (Table 3). The out-of-
fold sample was then used to calculate the ROC
estimates at each iteration for all plasma amyloid

predictors. Here, we determined that the addition of
these pre-specified covariates (age, sex, and APOE
genotype) did not improve the predictive ability of
plasma A�42/A�40, as measured by the AUC score
(Table 3).

Implications for reducing reliance on amyloid
PET scans

An exploratory analysis was conducted to deter-
mine the potential impact of using plasma testing as
the primary screening tool for enrollment into a clin-
ical trial similar to the A4 Study. We determined that
approximately 6,7000 trial participants would need to
have an initial plasma screening in order to identify
1,000 amyloid PET positive participants. No statis-
tically significant differences were observed in the
estimated sample size and number needed to screen
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Table 3
Table summarizes Area Under the Curve (AUC); AUC 95% confidence intervals; cut point, and corresponding accuracy, Youden index value,
sensitivity, and specificity estimates for each blood plasma biomarker analyzed at C2 N lab, and Shimadzu. The cut point was determined
by maximizing the Youden Index value. Table summarizes ROC estimates and odds ratio (OR) estimates for A�42/A�40 with additional
covariates (sex, age, and APOE �4 + /−) for samples analyzed by C2 N and Shimadzu labs. PACC, Preclinical Alzheimer’s Cognitive

Composite score. CFI, cognitive function index

Process Biomarker AUC (95% CI) Cut Point Accuracy Youden Sensitivity Specificity

C2 N LC-MS/MS
(n = 224)

A�40 0.51
(0.44, 0.59)

453.19 0.54 0.08 0.80 0.29

A�42 0.64
(0.57, 0.71)

43.73 0.61 0.22 0.64 0.58

A�42/A�40 0.76
(0.69, 0.82)

0.088 0.72 0.44 0.74 0.70

Shimadzu
MALDI-TOF-MS
(n = 224)

A�40 0.56
(0.48, 0.63)

9.74 0.57 0.14 0.81 0.33

A�42 0.70
(0.64, 0.77)

0.42 0.65 0.30 0.67 0.63

A�42/A�40 0.80
(0.75, 0.86)

0.05 0.75 0.51 0.67 0.84

C2 N LC-MS/MS;
Protocol 1 (n = 100)

A�40 0.50
(0.39, 0.62)

390.49 0.60 0.20 0.72 0.48

A�42 0.58
(0.47, 0.70)

39.42 0.59 0.18 0.96 0.22

A�42/A�40 0.64
(0.52, 0.75)

0.075 0.66 0.32 0.76 0.56

C2 N LC-MS/MS;
Protocol 2 (n = 100)

A�40 0.55
(0.44, 0.67)

500.58 0.60 0.20 0.56 0.64

A�42 0.65
(0.54, 0.76)

45.03 0.63 0.26 0.70 0.56

A�42/A�40 0.80
(0.71, 0.89)

0.094 0.76 0.52 0.92 0.60

ROC Estimates for A�42/A�40 (n = 224) with Additional Covariates (sex, age, and APOE �4 + /−)
Biomarker AUC (95% CI) Cut Point Accuracy Youden Sensitivity Specificity

C2 N A�42/A�40 0.72
(0.67, 0.82)

0.323 0.67 0.35 0.89 0.46

Shimadzu A�42/A�40 0.78
(0.72, 0.86)

0.528 0.73 0.46 0.68 0.78

Odds Ratio (OR) Estimates for A�42/A�40 (n = 224)
A�42/A�40 Age (y) 71 –75 Age (y) 76 –

80
Age (y) 81+ APOE �4+ PACC CFI

C2 N (95% CI) 2.32
(1.67, 3.72)

1.73
(0.80, 3.99)

2.41
(0.89, 7.12)

0.98
(0.32,3.10)

1.76
(0.83, 4.50)

0.98
(0.85, 1.10)

0.99
(0.91, 1.08)

Shimadzu (95% CI) 1.52
(1.31, 1.95)

1.56
(0.61, 4.08)

2.77
(0.97, 8.07)

1.11
(0.33, 4.54)

1.96
(0.93, 4.27)

1.00
(0.89, 1.16)

0.97
(0.90, 1.04)

(NNS) as measured by both analytical platforms
used (MALDI or LC-MS/MS). Additional work is
ongoing to obtain an understanding of the potential
financial savings from the two approaches.

DISCUSSION

Plasma A� biomarkers were quantified by two
independent laboratories in samples collected from
screened, cognitively normal, A4 study participants

with brain amyloid PET status determined by central
readers. Our findings show that plasma A�42/A�40
quantified using either of the available MALDI-TOF-
MS or LC-MS/MS analytical platforms can predict
amyloid PET positivity among asymptomatic partic-
ipants enrolled in the A4 trial. Blood samples were
collected and processed to plasma within 2 h after
phlebotomy (Protocol 2) provided a better prediction
of amyloid PET status than blood samples that were
collected and shipped on cold packs to the labora-
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Fig. 2. Scatter plots of A� against PET SUVr for C2 N and Shimadzu under Protocol 2 (2 h post phlebotomy). Shaded regions represent the
areas where the plasma biomarker correctly identifies patients as amyloid negative (green) and amyloid positive (orange).

tory, where they were processed to plasma within 24 h
after phlebotomy (Protocol 1). The findings imply
that these plasma A�42/A�40 measures and analyti-
cal platforms can be used to pre-screen cognitively
normal volunteers for eligibility into AD prevention
trials; reduce traditional screen-failure rates; and save
time and funds when used to screen for enrollment
into prevention trials.

In 224 participant samples that were processed
within 24 h, we determined that plasma A�42/A�40
quantified using the Shimadzu MALDI-TOF-MS
platform provided a numerically better AUC = 0.80
than the C2 N LC-MS/MS platform (AUC = 0.76),
however these AUC values were not statistically
different (p = 0.13). Conversely, the C2 N LC-
MS/MS platform provided an AUC = 0.80 for plasma
A�42/A�40 in a subset of 100 participant plasma
samples that were processed within 2 h. This was
an improvement in AUC that was significantly
better than what was achieved in the same 100
participants’ samples that were processed within
24 h (AUC = 0.64). Finally, Shimadzu calculated an
additional Composite plasma biomarker that was
generated by averaging the normalized scores of
APP669–711/A�42 and A�40/A�42 score [19, 23].
With an AUC of 0.82, we determined that measuring
the Composite plasma marker could serve as a poten-
tial biomarker for predicting elevated brain amyloid,
however further investigation is required. Previous
studies have reported the combination of APP669-
711/A�42 ratio and A�40/A�42 ratio can serve as
highly predictive surrogates for brain amyloid pathol-

ogy [27]. We were not able to compare the biomarker
performance of the Composite score between the
MALDI-TOF-MS and LC-MS/MS methods as this
marker is not measured by the C2 N LC-MS/MS
assay.

Plasma A�42/A�40 performed similarly between
the two MS–based methods; however, we observed
that the AUCs for plasma A�42/A�40 ratios were
significantly lower than previously published reports
(AUC 0.88 – 0.97) [21, 27–30]. Moreover, the sensi-
tivity (SN) and specificity (SP) varied significantly
across individual plasma amyloid measures and
across both analytical platforms. Plasma A�42/A�40
measures generated by C2 N were highly sensitive
(0. 74 – 0.92) yet poorly specific (0.56 – 0.70)
in its ability to identify a participant who was not
amyloid PET positive. While plasma A�42/A�40
measures generated by Shimadzu was highly spe-
cific (0.84) yet lack sensitivity (0.67) to identify an
amyloid PET positive participant. Given the variance
in sensitivity and specificity across both MS-based
planforms, its plausible that our data may better
interpreted as a measure to screen out those who
are amyloid negative versus predicting those who
are actually amyloid positive. Rabe and colleagues
[31] determined that pre-analytical errors of plasma
A�42/A�40 measures may lead to patient misclassifi-
cations (i.e., incorrectly ruling out amyloid pathology
or vice versa) thus impacting sensitivity or specificity.
As researchers continue to interpret their findings
based on AUCs, additional clinical performance mea-
sures including the number of false positive and false
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Fig. 3. ROC curves for the blood plasma samples (n = 100) collected using Protocol 1 (24 h post phlebotomy) and Protocol 2 (2 h post
phlebotomy) and analyzed at C2 N laboratory (left). The corresponding AUC estimates and 95% confidence intervals (right).

negative [21] robustness [31–33] and population per-
formance [34] must also need to be considered to
support the use of plasma amyloid measures as reli-
able and accurate biomarkers for AD.

In general, MS-based assays are thought to have
superior performance to detect amyloid pathology in
brain as compared to immunoassays [35]. Recently,
it has been reported that their level of performance

as measured by AUC differed substantially among
several MS-based and immunoassay-based analytical
platforms that quantify plasma A�42/A�40 concen-
tration ratio and identify brain amyloid status [35].
In particular, the immunoprecipitation LC-MS/MS
assay (as performed by Bateman et al.) outperformed
seven other analytical assays for detecting plasma
A�42/A�40 [35]. The C2 N LC-MS/MS analytical
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used herein is based on the Bateman laboratory
assay. In addition, some disparities among analyti-
cal platform performance observed by Janelidze et al.
[35] were attributed to differences in patient cohort
characteristics and variations in sample processing.
The current study supports prior reports [36] that
sample handling procedures prior to analysis can sig-
nificantly impact the sensitivity and specificity of
plasma A�42/A�40 as biomarker for predicting amy-
loid PET positivity and this topic requires further
investigation.

The interpretation of our data may be further com-
plicated by the imaging protocols used to establish
amyloid PET positivity. The existence of multi-
ple imaging tracers with varying amyloid positivity
(SUVr) cutoffs could have a direct impact on the
ability of plasma A�42/A�40 to predict amyloid bur-
den in the brain [37, 38]. Clinical trials, including
the A4 Study, are opting to use newer generation,
FDA approved, 18F-based radioligand tracers, such
as florbetapir over the commonly used Pittsburgh
compound B (PiB) amyloid tracer for imaging. Flor-
betapir enables a wider application due it its longer
half-life (110 min) as compared to PiB (20 min) [38].
However, studies report that florbetapir-based amy-
loid measurements had higher variability due to
nonspecific white matter deposition in the brain [37].
Because of this, tracers like florbetapir are likely to
be less suitable for detecting subtle amyloid deposi-
tion in the brain [37, 38]. Future studies are needed to
assess how amyloid tracer sensitivity influences the
blood amyloid measurements across the spectrum of
disease states. Understanding this will be vital for AD
prevention trials where subtle amyloid deposition is
more likely to occur in CN adults.

Despite age and APOE genotype being consid-
ered as risk factors for AD, we determined that these
covariates included sex did not improve the ability
of plasma A�42/A�40 to predict amyloid PET posi-
tivity. While previous studies have shown significant
improvements in the sensitivity of plasma amyloid
biomarkers when age, sex, and APOE �4 carrier sta-
tus are accounted for [19, 21, 29], several others have
demonstrated similar results to ours. Keshavan and
colleagues demonstrated that sex and APOE �4 car-
rier status did not improve plasma A�42/A�40 ability
to predict PET amyloid positivity in CN older adults
[39] while Yamashita and colleagues [30] observed
a slight numerical increase in the performance of
the plasma A�42/A�40 ratio when incorporating the
APOE �4 status. Further investigation is required to
reconcile these conflicting reports.

One major limitation of the current study is our
relatively small sample number and the lack of racial
and ethnic diversity among the trial participants.
Blacks/African Americans and Hispanics/Latino(s)
have a higher prevalence of AD as compared to
non-Hispanic whites; yet they are consistently under-
represented in clinical trials for AD and other
dementias [40]. A recent cross-sectional study found
that blacks, Hispanics, and Asian participants were
more likely to be ineligible for the A4 Study after the
first screening visit [40]. In our sample, out of the 224
trial participants we analyzed, only 14 (9%) screened
participants belonged to a minoritized ethnic group.
Given that our data was generated from a relatively
homogenous population, this may explain why our
covariate analysis did not show any significant dif-
ferences in AUC. Recent observational studies have
revealed notable differences in the performance of
AD biomarkers among different racial groups [41–
43], therefore it is imperative that efforts are made
to increase the diversity among trial participants. We
anticipate that blood testing will increase accessibil-
ity to diverse minority and socioeconomic groups
as well as improve screening and retention of trial
participants [44].

In summary, our work and work of several oth-
ers [21, 27–30] determined that plasma A�42/A�40
may serve as a potential biomarker for predicting
elevated brain amyloid in cognitively normal adults.
Additionally, the combination of APP669-711/A�42
ratio and A�42/A�40 ratio may also serve as predic-
tive surrogate for brain amyloid pathology as more
studies are investigating a multi-biomarker approach
for predicting cognitive decline and amyloid PET
positivity [45]. Plasma p-tau181/A�1-42 ratio [46]
and t p-tau 217 [47] has recently emerged as alter-
native biomarker for predicting cognitive decline
and amyloid PET positivity. A head-to-head com-
parison is necessary to determine which biomarker
would be the most effective at predicting cognitive
decline and amyloid PET positivity in older, CN
adults.

Lastly, our exploratory analysis reveals the poten-
tial savings associated with using a blood test as a
screening tool for enrollment into secondary preven-
tion clinical trials like the A4 Study. Previous analysis
has suggested that a blood test can reduce the use
of amyloid PET scans by 50% [39]; however, future
studies are still needed to understand how sample
APOE status, race and ethnicity, and amyloid tracer
sensitivity impacts plasma A�42/A�40 ability to pre-
dict amyloid brain pathology in normal controls.
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J, Doré V, Fowler C, Li QX, Martins R, Rowe C, Tomita
T, Matsuzaki K, Ishii K, Arahata Y, Iwamoto S, Ito K,
Tanaka K, Masters CL, Yanagisawa K (2018) High per-
formance plasma amyloid-� biomarkers for Alzheimer’s
disease. Nature 554, 249-254.
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